US009385296B2

a2z United States Patent (10) Patent No.: US 9,385,296 B2
Nitta 45) Date of Patent: Jul. 5, 2016
(54) DRIVING DEVICE FOR CAPACITANCE TYPE (58) Field of Classification Search

(71)

(72)

(73)

")

@
(22)

(65)

(60)

(60)

(1)

(52)

Ecc

ACTUATOR AND DRIVING DEVICE FOR INK
JET HEAD

Applicant: TOSHIBA TEC KABUSHIKI
KAISHA, Sinagawa-ku, Tokyo (IP)

Inventor: Noboru Nitta, Tagata-gun (JP)

Assignee: TOSHIBA TEC KABUSHIKI
KAISHA, Tokyo (JP)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 77 days.

Appl. No.: 14/278,166

Filed: May 15, 2014

Prior Publication Data
US 2014/0246952 A1l Sep. 4, 2014

Related U.S. Application Data

Division of application No. 13/846,098, filed on Mar.
18, 2013, now Pat. No. 8,760,126, which is a
continuation of application No. 12/497,825, filed on
Jul. 6, 2009, now Pat. No. 8,427,115.

Provisional application No. 61/078,935, filed on Jul. 8,
2008.

Int. Cl1.

HO02J 7/00 (2006.01)

HOIL 41/04 (2006.01)

B41J 2/045 (2006.01)

U.S. CL

CPC ........... HOIL 41/042 (2013.01); B41J 2/0452

(2013.01); B41J 2/04506 (2013.01); B41J
2/04541 (2013.01); B41J 2/04548 (2013.01);

(56)

JP
JP

CPC ... H02J 7/345; HO1L 41/042; HO1L, 41/0825
320/118, 134, 136, 163, 166; 347/68;
310/317, 318

See application file for complete search history.

References Cited
U.S. PATENT DOCUMENTS

6,113,209 A
6,193,342 B1*

9/2000 Nitta et al.
2/2001 Suzuki B41J 2/04541

347/9

(Continued)

FOREIGN PATENT DOCUMENTS

52-084902
63-091717

7/1977
4/1988

(Continued)
OTHER PUBLICATIONS

Japanese Office Action mailed on Jan. 22, 2013 for Japanese Appli-
cation No. 2009-161045, 18 pages.

(Continued)

Primary Examiner — Edward Tso
Assistant Examiner — Aaron Piggush

(74) Attorney, Agent, or Firm — Amin, Turocy & Watson
LLP

&7

ABSTRACT

An actuator is sequentially charged with output voltage “E/2”
of'avoltage source and output voltage “E” of'a voltage source.
After the charging, “Q/2” of electric charge “Q” stored in the
actuator is discharged on a path returning to the voltage
source. Subsequent to the discharging, the remaining all elec-
tric charge “Q/2” stored in the actuator is discharged on a
closed circuit.

(Continued) 5 Claims, 31 Drawing Sheets
y[lTiste Iy S22~ Sn2~_
14~ i & =]
— o v I —~— e } o2
n 44 n 41 43 §,-\,‘|‘H I {L—I * 323\ T T ¢Sn3\
[j E [jm{ s E/2 ] vz 2 m
= - 115 1513 1l ) __%_:JDI
] AN sg 1 i o ‘ !
~ 112 —— i’_w' “ Snt

% 116~ﬁ{&‘ = ] &

L L _ o

{ {



US 9,385,296 B2

Page 2
(52) US.CL P 11-234061 8/1999
CPC ........ B41J2/04573 (2013.01); B41J 2/04581 P 2003-011361 1/2003
(2013.01); B41J 2/04588 (2013.01); B41J ig 588%22‘9‘3 ; 12@882
2/04596 (2013.01); B41J 2202/10 (2013.01) P 2004-142437 5/2004
) P 2005-288830 10/2005
(56) References Cited P 2006-256189 9/2006
P 2006-256191 9/2006
U.S. PATENT DOCUMENTS P 2006-333534 122006
6,504,701 B1  1/2003 Takamura et al » 2007098795 412007
) ) ura €t al. .
6,841,920 B2 1/2005 Takamura et al. P 2008-023813 2/2008
7,049,756 B2 5/2006 Aiba et al.
7,114,798 B2  10/2006 Takahashi OTHER PUBLICATIONS
2004/0169545 Al 9/2004 Aiba et al.
2004/0218019 Al 11/2004 Takahashi OA dated Aug. 16, 2012 for U.S. Appl. No. 12/497,825, 15 pages.
2007/0076026 A1 4/2007 Nakayama First Office Action of R for Reiection for I Patent Abpli
5007/0103001 Al 5/2007 Chiozzi et al. 1rst ce Action of Reason for Rejection for Japanese Patent Appli-
cation No. 2009-161045 Dated Oct. 29, 2013, 8 pgs.
FOREIGN PATENT DOCUMENTS OA dated Oct. 15, 2013 forU.S. Appl No. 13/846,098, 17 pages.
P 09-164676 6/1997

Jp 09-164677 6/1997 * cited by examiner



U.S. Patent Jul. 5, 2016 Sheet 1 of 31 US 9,385,296 B2

FIG. 1
(Related Art)

Refilling i Jet
Forward 5

. ackward
Charging | Discharging

harging ,

Yool st
Lt

Discharging

AO o

T1 T2

Sl il

i
! ]
! i
i

I
|
|
I
|
:
|
1
i
1
|
1
1
t
I
}

1
i
I
Y
f
|
]

E

Voltage of
actuator

1
i
|
t
|
I
|
|
i
|
i
2 i ?
1
]
i
i
i
i
i
i
|
i

| — © —3 +

FIG. 2
(Related Art)



US 9,385,296 B2

Sheet 2 of 31

Jul. §5,2016

U.S. Patent

Logic circuit {~50
T3
| IT3b
erd
=

Timg——

FIG.4

ap
o
5 g2 g
4 4 o 4 S ) =
= Ay
I_l(.»HlDL | o g8 AR
o O -

T =l — & & N
i ]QDll.« < 3 N
o AL AL ™ 5 8 o

[ A E | s S ) A e
7] /\/% %) ! S = 2] ey I%HM uuuuuuuuuu
(a4 _ s o xllllllm I||T|| |||||| . \
— <
= 4 w2 gE ta ME[g g
| = g8 BN,
S .
N e
Ll | e | ] e
N — | L
g | < +— & 2
< - 5«
= o =

A



U.S. Patent Jul. 5, 2016 Sheet 3 of 31 US 9,385,296 B2

—
X
L

10
—~ T
jM_/l'\)

&
_l_
P
N
w
=l
=
+
=N
o
S g
[J%]
! Nireg
H H
| !
i
N W
I yg
g

o/ 312}4%_ 322}4%_‘ Snz}1
41 i s3~ 1 [ (% 53
%2 sis [t |
l: S}] = $21 I i
- H% N Y
L)- ' — J ”””””



U.S. Patent Jul. 5, 2016 Sheet 4 of 31 US 9,385,296 B2

| ——t
L}

FIG.7



US 9,385,296 B2

8 0l14d

05~ ¥no.2 91507

Sheet 5 of 31

@ [eusIs 1959y 9
, e I D w.y,%

Jul. §5,2016

o el il
Sl NI

) -2

==
o)
-
wv
S

m/’l‘

15 &
i—ﬂ?
m/T
%)

N
?\/\

U.S. Patent




U.S. Patent Jul. 5, 2016 Sheet 6 of 31 US 9,385,296 B2

70 - S13b
s13ay ST Drive  { 71 s1fa /‘
i ; 3
a ae =i i
i .“ I
NIy
o2 |
FIG.9 FI1G.10
D.rivel SIO
)S!gna r-j(———
90 100
) |
o R .
D'rivel ' 93 o :
Signal 8 _L' :
A T, N
92 [q) | Drive {103 $107|s13
\§91 ‘S§3 signal :& 1\02 1
| ]
T



US 9,385,296 B2

0S5~ UN2UI3 JI30T 0g 44

Sheet 7 of 31

Jul. §5,2016

2 | , _ N _
%: G| | lgg B | T M
1z ¢/0 § 1 ELl 7 ..._ 3 H_ 003
_ €¢S A Y :—\(W ey + +

U.S. Patent



U.S. Patent Jul. 5, 2016 Sheet 8 of 31 US 9,385,296 B2
() — __;3 N ()__,“__()
S12+ s2~, [ sn2
H%- HE{»- s
S (7GR R B G Ry
a_gl Z1 H m a_l
ST3 | .L>+|U|/ R 1|
S}‘ | Ism ' o S ; |
\ M
e *—Iﬁk =
! < -
FIG.15
2 i~ — & > N :____()
S12~ S22~ [ sn2y
H% Hé; N
W— N - Ne Y )
( T 323\_;* [ B ( Sn3\
F{' n H Zm H
$13 -L+!U§/ J m




US 9,385,296 B2

Sheet 9 of 31

Jul. §5,2016

U.S. Patent

frus I_\(I 1
e .m\H.
o N 93]
L 1Y
5 | A 2
S B
|
IP&%L.
ST AT
7 e adl

FIG. 17

Timg —

o+ — O = |

Voltage of

actuator

FIG.18



US 9,385,296 B2

Sheet 10 of 31

Jul. §5,2016

U.S. Patent

HN2410 21807

6L Ol




US 9,385,296 B2

Sheet 11 of 31

Jul. §5,2016

a

FIG.20

S

S12+

Q/3

U.S. Patent

FIG. 21

=
_}7 ey g~ I.% |
. EvEse
—1¥ ] 4 5 | L — v
= & & T, L




U.S. Patent Jul. 5, 2016 Sheet 12 of 31 US 9,385,296 B2




U.S. Patent Jul. 5, 2016 Sheet 13 of 31 US 9,385,296 B2

) o




US 9,385,296 B2

Sheet 14 of 31

Jul. §5,2016

U.S. Patent

STANIE

0¢ 0§~ N2 91507




U.S. Patent Jul. 5, 2016 Sheet 15 of 31 US 9,385,296 B2

FI1G.26



US 9,385,296 B2

Sheet 16 of 31

Jul. §5,2016

U.S. Patent

L¢O14d
05~ N0 2/507]
e A
| e T T
| | Il T
5 It LIEFT] =4
Izm T/:Nm WJ , % 93 7N s/ _
:m_“ mwm ' orl 66l w_
| 51 = “
_ “ E— i _ _ @W ({ L ?A v.m_\ _
T il Cet S I R
“ wz ¥4 ¥ ~ - N FF 3
| Elsi | Y N %A g€l % H
m R s Rz i_r“ o m\mws = o = Wm@ di
! Yo o ! - - H ~
! et g % ; %A el ] |
_ ’ ’ _ 5/3v oo 91 : |
_ nw s l_m zzs lmIN_L _ 181 _ R
I e —r o
omm { ¢/0
4




U.S. Patent Jul. 5, 2016 Sheet 17 of 31 US 9,385,296 B2

Sd1 o1
/
b
Sd2
FIG. 28
T1
A E/5~
+ E/5~§
E| E/5~§ ] T4
E/54 ]
Voltage of E/5~§
actuator 0 T2b
Tlc
T2a
Tib
T T1d
! & Tle
ON
Sa N OFF n
] 1
s M orr |[IIoN
OFF
Sc U ]
OFF 01N
Sd U UOI\IJ
ON |
s21_OFF | o
S11 OFF 1
OFF ‘
S13 {ON] LON]
|  OFF

FIG.30 se lon] e



U.S. Patent Jul. 5, 2016 Sheet 18 of 31 US 9,385,296 B2

T1 T2
- 2 P < 2 -
A E/BY
Voltage of . E/5~%
actuator E| E/5-
T E/5~4
E/5~%
0
T1d T2a
Tlc T2b
Tlb % ﬂzc
Tla g T2d
N :2:’//
P s 4
- AT ||| AT
Tle T2e
-t T
ON
Sa I OFF 1
| |,
ON
Sh T oFF 1|0
OFF
Sc ]
[ | OFF || ON
Sd EI
ON
S21 OFFH ON
S11 OFF Exa b
OFF
313 | LON]
|| OFF
S12 ll__ta:—ION
Time —



US 9,385,296 B2

Sheet 19 of 31

Jul. §5,2016

U.S. Patent

HN2JID 21807

B - R
It 15 IR e
R R S e %A g1
Lug 128 (il = g3 ( . !
L1S] & o7l 6El
i 974 J ] . AuvaH "
O |1 : m “ o1 {
Il_m__li _m_ ! de\om §/3¢ gz | 7L 8El W |
: gyl ——
w7 4 mww i % N ¢ AAA— = mm_H "N
! ( g &Y
R R IR e S o s "
|| 171 ]
||||| — < i m% { )M((| 4 wa.\ :
“ 35 S/3y orL 961 s
Cl | |
| 1 4] i/
A { /0
0 o



U.S. Patent Jul. 5, 2016 Sheet 20 of 31 US 9,385,296 B2

T Ly,
A E/5~4
+ E/ 5’”<r \
T E| E/5| g
E/5~3 \ T3 T4
Voltageof ' | | E/5~4} \ <l
actuator 0 o
T2b
_ Tlc a
Tib
- T1d
g
Sa 1 OFF ﬂON
I |
sh nl oer [N
OFF
Sc 1] 1
OFF OIN
Sd 1] m
oN | N
$21_OFF | Ion
S11 OFF 1
OFF |
$137 JoN| ] L]
OFF
Se LON |

Time —>

FI1G.33



U.S. Patent Jul. 5, 2016 Sheet 21 of 31 US 9,385,296 B2

T1 T2
A E/5-4 \
Voltage of + E/ 5"3{
actuator A | E| E/5%
£/5-4
E/5~4
O S
e k& T2
T1b T2a /
T2d
Tla .
SISl
TP - "’Lt
ATIA __F,P a1
Tle T2e
Sa Ml orr  |[||[ION
I |
Sb nl | ore 109N
| | oFf
Sc 1] U
[| | OFF || OlN
Sd 1 i
oN | N
$21_OFF | |
Sk off | N
__OFF |
S13 1 [TrT JoN]
l OFF
Se L——JON . Time —

FI1G. 34



US 9,385,296 B2

Sheet 22 of 31

Jul. §5,2016

U.S. Patent

0S5~ 3no49 91807 mm Mv _ m
Y [eUSIS 0.4U0)
| ! _’wq\%w S :
| o | Irl— ; :
| T/”v:._m I.Vrlv:l/.ﬁ.ﬁmm |m_|w|~“ A% ) T
_ LS !
_ | eS
m % arlL m )
IET ..... "@n “ \Huw 7z
wz |7 B 1974 and
mw_wn % )
lwImcw &Imwm —~ P\nw o
3
“ P\m




U.S. Patent

Jul. §5,2016

Sheet 23 of 31

b OE/SY
. E/5~% \
Al E E/5’”<> \
E/5~% | \
Voltage of E/5~4
actuator
v Tlc Tszb T2¢
_ Tib T1d T2d
T1g Te /Tze
Sa Ml oFf ﬁON
Sh OFF ON
OFF
Sc U
oFf | ON
Sd 1
oN | ON
$21_OFF | .
S11 OFF | [
oFF | |
S13 | ONJ Ll
OFF
ON
Sf ﬂ_ OFF
ON
Analog switch OFF

FI1G. 36

US 9,385,296 B2

Time —




U.S. Patent Jul. 5, 2016 Sheet 24 of 31 US 9,385,296 B2

«lﬂ T2
Fesd| |
Voltage of + E/5~%
actuator E| E/5~%
E/5~ |
0 E/5~§
Tlc T2b -
T1b T24
T2d
Tia
|| gt
> < > <
JINII. T T
AT e e AT?
Tle T2e
Sa M| oFr ||[I9N
| N
Sb 1l | orr [|pN
OFF
Sc U U
| ore TN
Sd 1 l
oN [N
S21_OFF | "
d orF | 1
I O s
S13 [br] [ONJ
OFF
se” LN ]
ON
Sf || OFF [
ON
Analog switch OFF .
Timg —>

FIG.37



US 9,385,296 B2

Sheet 25 of 31

Jul. §5,2016

U.S. Patent

8€ Ol
0G5~ 1N2u1d 21807
! o> > > —
S INATZS | ¥
.mv_A;m 7/0 = 7/0 _vwﬁ -
— M=t Q»I. < | LIS | hu_
I tmﬁ _ﬁ_+ 1 e1s _Nv | ¢/3
- I B 7 _ WP H
pL_ges \gzs A v 1P
¢/0




U.S. Patent Jul. 5, 2016 Sheet 26 of 31 US 9,385,296 B2

FI1G. 39
Iy 512 . 522 32
o N T -
~— e < < <




U.S. Patent Jul. 5, 2016 Sheet 27 of 31 US 9,385,296 B2

[y $12 322\ s3I |-
T
o T = "’"’s‘z}’;‘% “‘““535‘(
H 1 2 &1 T
el | o S Q/2
L R T A T
E/2 []J o o= llF=—= L>‘—->7—>——>~I ! <
= A Q/4 H% Q/4 H;‘
1 s$21/ 831/

FI1G. 41



US 9,385,296 B2

Sheet 28 of 31

FI1G. 42

Jul. §5,2016

i

A

U.S. Patent

'T%

531

FI1G. 43




U.S. Patent Jul. 5, 2016 Sheet 29 of 31 US 9,385,296 B2

b]

3 S12+ S22~ s~ |
Q/2 H% HE]T =y
- g [ < e 4——] 533
o F 23 <
. [j X 7 72 ol
+TU| |
| Iﬁ !

A
Q/4

- Ij j z—gl 7 o/ H%H—%j Q/432323 Hw -
-T Ep +| 8 13 L> - |ﬁ1+ —(—> jt «9—/2; -FTU| )
1 ' | ' '




US 9,385,296 B2

Sheet 30 of 31

Jul. §5,2016

U.S. Patent

9% Ol4




U.S. Patent Jul. 5, 2016 Sheet 31 of 31 US 9,385,296 B2

S N W

B B L oo
A A g
201 = 208 207

A
FI1G. 47
205
203
71 72
299 ——_ 2 “/2 229
- b |
223f\//// ﬂwzza’
221,\ \/221




US 9,385,296 B2

1
DRIVING DEVICE FOR CAPACITANCE TYPE
ACTUATOR AND DRIVING DEVICE FOR INK
JET HEAD

CROSS REFERENCE TO RELATED
APPLICATION

This application is a Division of application Ser. No.
13/846,098 filed Mar. 18, 2013, which is a Continuation of
application Ser. No. 12/497,825 filed Jul. 6, 2009, the entire
contents of both of which are incorporated herein by refer-
ence.

This application is based upon and claims the benefit of
priority from U.S. provisional application 61/078,935, filed
Jul. 8, 2008, the entire contents of which are incorporated
herein by reference.

TECHNICAL FIELD

The present invention relates to a driving device for a
capacitance type actuator and a driving device for an ink jet
head.

BACKGROUND

An ink jet head has a large number of piezoelectric ele-
ments, which are capacitance type actuators, as actuators for
ink jet. A driving device shown in FIG. 1 for driving these
actuators is mounted on the ink jet head.

In FIG. 1, a DC power supply P outputs DC voltage “E” of
a fixed level. A large number of series circuits such as a series
circuit of switch elements S12 and S11, a series circuit of
switch elements S22 and S21, and a series circuit of switch
elements Sn2 and Sn1 are connected to an output end of the
DC power supply P. An actuator Z1 as a piezoelectric element
is connected between an interconnection point of the switch
elements S12 and S11 and an interconnection point of the
switch elements S22 and S21. Actuators 72 to Zm are respec-
tively connected between the remaining series circuits. The
actuators Z1, 72, . . ., and Zm have capacitors C, respectively.
The actuators 71, 72, . . ., and Zm operate according to the
sequence of charging and discharging through the switch
elements to jet inks.

First, when the switch elements S12 and S21 are turned on,
voltage “E” in a forward direction is applied to the actuator Z1
from the DC power supply P and the actuator Z1 is charged.
Specifically, as indicated by an arrow, electric charge Q flows
out from the DC power supply P and is stored in the actuator
71 via the switch elements S12 and S21. The electric charge
Q is represented as Q=C-E.

During this charging, energy extracted from the DC power
supply P is “Q-E”. Energy stored in the actuator Z1 is “(Q-E)/
2”. A difference “(Q-E)/2” between the energy “Q-E” and the
energy “(Q-E)/2” is consumed by resistance components on a
charging path and changes to heat.

Subsequently, the switch elements S12 and S21 are turned
off. Thereafter, when the switch elements S12 and S22 are
turned on, the energy “(Q-E)/2” stored in the actuator Z1 is
discharged on a path passing through the switch elements S12
and S22 from the actuator Z1 as indicated by a broken line
arrow. The energy is consumed by resistance components on
the discharging path and changes to heat.

A change in the voltage “E” applied to the actuator Z1 is
shown in FIG. 2. T1 indicates a charging period by forward
energization (application of the voltage “E” in the forward
direction). T2 indicates a discharging period of energy stored
by the forward energization. T3 indicates a charging period
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by a backward charging (application of the voltage “E” in the
backward direction). T4 indicates a discharging period of
energy stored by the backward charging.

In a period of the forward energization including the charg-
ing period T1 and following period just before T2, the actua-
tor Z1 is deformed and an ink for jet is refilled in a channel. In
the next the discharging period T2, the deformation of actua-
tor Z1 is reset and the ink in the channel is jet. The following
period of the charging period T3 in the backward direction
and the discharging period T4 are a dumping period for jet.

In the driving device having such a configuration, the
energy “Q-E” extracted from the DC power supply P during
the charging is equivalent to a sum of the energy “(Q-E)/2”
consumed by the resistance components on the charging path
and the energy “(Q-E)/2” consumed by the resistance com-
ponents on the discharging path for each forward and back-
ward charging and discharging.

When the actuator Z1 as the capacitance type actuator is
driven, only a very small part of the energy extracted from the
DC power supply P is actually used for the operation of the
actuator Z1. Most of the energy is consumed by the resistance
components on the charging and discharging paths.

The resistance components on the charging and discharg-
ing paths are present not only in the actuator Z1 but also on
circuits. The resistance components in the actuator Z1 are
so-called equivalent series resistance of the actuator Z1. Ifthe
equivalent series resistance of the actuator 71 is smaller, heat
generation of the actuator Z1 decreases but heat generation of
the circuits increases. Conversely, if the resistance compo-
nents of the circuits are smaller, heat generation of the circuits
decreases but heat generation of the actuator Z1 increases. A
total of a heat value of the actuator Z1 and a heat value of the
circuits is fixed. Energy consumed by the resistance compo-
nents on the charging and discharging paths is also fixed.

In general, as means for reducing a heat value of an actua-
tor, there is known a technique for applying voltage of a
trapezoidal shape or a triangular shape on the actuator to
prevent applied voltage to the actuator from rapidly rising.
However, inthis case, from the viewpoint of energy consump-
tion, it can be considered that resistance components of a
power supply that outputs the voltage of the trapezoidal shape
or the triangular shape are large compared with resistance
components of the actuator and resistance components of the
circuits. In other words, a place where energy is mainly con-
sumed simply shifts from the actuator and the circuits to the
power supply. A total heat value and total energy consump-
tion do not change although a heat value of the actuator
decreases.

In an ink jet system, it is important to reduce heat genera-
tion in the vicinity of sections that jet inks. If the power supply
that outputs the voltage of the trapezoidal wave or the trian-
gular wave is adopted and the place of energy consumption
shifts from the actuator and the circuits to the power supply,
even if the total heat value does not change, this seems to be
valuable in terms of temperature management.

However, when the power supply that outputs the voltage
of the trapezoidal shape or the triangular shape must be
adopted, actually, the power supply is arranged near the
actuator and the circuits, then, heat of the power supply is
unexpectedly transmitted to an ink jet head. This is because,
in general, it is difficult to accurately transmit a high-speed
waveform having large power over a long distance. When it is
attempted to transmit a high-speed arbitrary waveform with-
out distortion, it is necessary to match impedances of a driv-
ing system, a line system, and a reception system. However,
when the matching is performed, power is consumed by
matching resistance.
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As explained above, even from the viewpoint of heat gen-
eration near the ink jet head, it is also important to reduce total
energy consumption. When the energy consumption is exam-
ined, it is important to consider a system including a power
supply.

As explained above, when the charging and discharging
operation of the actuator Z1 is performed once, the energy
extracted from the power supply is “Q-E” and the heat gen-
eration of the entire actuator and circuits is also about “Q-E”.
The energy “Q-E” is useless power that hardly changes to
operation energy of the actuator Z1. The energy “Q-E” causes
a problem of temperature rise and a problem such as an
increase in size of an apparatus shape and an increase in cost
involved in an increase in capacity of the power supply.

Energy actually converted into operation energy of the
actuator Z1 in the energy supplied from the power supply is
energy consumed by only a smaller part of the “resistance
components of the actuator Z1”. For example, when an ink
droplet “6 (pL)” having specific gravity “1” is jet at speed of
“10 (m/sec)”, energy received by the ink droplet is repre-
sented by the following formula:

(¥%)-6:10"2(kg)-10(m/sec)?=0.3(nj)

If charging and discharging of voltage 20 (V) is applied to
the actuator Z1 having capacitance 500 (pF) once in order to
jet the ink droplet, energy consumption is represented by the
following formula:

500-10'2(F)-20(V)?=200(xj)

Energy efficiency at this point is 0.15%. The remaining
99.85% of energy changes to heat.

The driving device shown in FIG. 1 drives the actuator Z1
with forward charging and backward charging. Specifically,
after the actuator Z1 is charged forward performed by turning
on the switch elements S12 and S21, when the actuator 71 is
charged by backward energization performed by turning on
the switch elements S22 and S11, amplitude corresponding to
“2-E”, twice as high as the output voltage “E” of the DC
power supply P, can be obtained as the amplitude of the
actuator Z1. When the actuator Z1 is charged backward per-
formed by turning on the switch elements S22 and S11 first
and the actuator 71 is charged backward performed by turn-
ing on the switch elements S12 and S21 next, the amplitude
corresponding to “2-E”, twice as high as the output voltage
“E” of the DC power supply P, can also be obtained.

If there is no discharging period of a closed circuit formed
by turning on the switch elements S12 and S22 as indicated by
the broken line arrow in FIG. 1, and immediately backward
charging atthe start point of T2 in FIG. 2 without discharging,
power consumption should be “4-Q-E”, when is as same as
charging with twice voltage.

However, if a discharging path of a closed circuit is formed
by turning on the switch elements S12 and S22 as indicated by
the broken line arrow in FIG. 1 to discharge the voltage of the
actuator 71 to near zero (V) between charging forward and
charging backward, the power consumption can be reduced.
Itis same ifthe sequence is opposite as forward charging after
backward charging.

It is effective to set a discharging period in this case shorter
than a quarter of a period of peculiar oscillation of the ink jet
head and long enough for sufficiently reducing voltage across
the actuator Z1.

If'the discharging period is set between the forward charg-
ing and backward charging in this way, the power consump-
tion is halved compared to backward charging without dis-
charging period of charging with twice voltage. While in the
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4
former case, the energy lost is [C+(2-E)*]/2=C-E?, but in the
later case, the energy lost is [C-(2-E)?*]/2=2-C-E>.

The effect and the principle are explained in detail in JP-A-
2000-185400 (U.S. Pat. No. 6,504,701).

However, an amount of power consumption reduced with
this technique is only up to a half of power consumed without
discharging period.

In order to further reduce the power consumed with this
technique, it is necessary to increase the number of power
supplies and perform discharging in plural stages. A tech-
nique for increasing the number of power supplies and reduc-
ing power consumption is disclosed in JP-A-2005-288830,
JP-A-2007-98795, and the like. However, in the technique,
although power consumption can be reduced, a driving device
is complicated. In particular, a large number of power sup-
plies are necessary.

In JP-A-2008-23813, the inventor of the present invention
analyzes the existing power consumption reducing measures
and proposes a new power consumption reducing method for
reducing power consumption using an inductor. On the other
hand, the present invention is devised to obtain effects close to
those of JP-A-2008-23813 using an idea different from JP-A-
2008-23813 and with a configuration simpler than that dis-
closed in JP-A-2008-23813.

From a viewpoint different from heat generation and
energy consumption, the driving device in the past has prob-
lems explained below.

In the discharging indicated by the broken line arrow in
FIG. 1, the potential at a drain (which functions as a source
during the discharging) of the switch element S12 is higher
than the voltage “E” for an instance. The switch element S12
is often placed in an integrated circuit together with other
elements. In order to secure reliability of the integrated cir-
cuit, the potential at a back gate (not shown) of the switch
element S12 has to be set to highest potential in the integrated
circuit. Therefore, in the integrated circuit required to have
high reliability, usually, it is necessary to prepare another
power supply having voltage higher than the voltage “E” and
give the voltage of the power supply to the back gate (not
shown) of the switch element S12. However, in this case, the
number of power supplies increases, power supply voltage of
a level higher than operating voltage of the actuator 71 is
necessary, and an integrated circuit having high withstanding
voltage that can cope with the power supply voltage is nec-
essary.

In other words, the operating voltage of a drivable actuator
has to be set lower than upper limit voltage of an integrated
circuit in use by peak voltage at the time of discharging.
Because of this limitation, for example, an operating fre-
quency of the actuator Z1 falls or driving force decreases and
highly viscous inks cannot be jet.

SUMMARY

It is an object of the present invention to provide a driving
device for a capacitance type actuator that can substantially
reduce power consumption without requiring a large number
of power supplies.

According to an aspect of the present invention, there is
provided a driving device for a capacitance type actuator that
functions according to a series of charging and discharging
sequence, the driving device including:

a driving power supply which outputs charging voltage
given to the actuator;

at least one intermediate voltage source which gives inter-
mediate potential at a stage halfway in charging or discharg-
ing by the charging and discharging sequence, the intermedi-
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ate voltage source including a reference voltage source that
outputs reference voltage, a voltage follower circuit that buft-
ers output of the reference voltage source, a current limiting
unit that limits a current of output of the voltage follower
circuit, and a smoothing capacitor that smoothes the output
limited by the current limiting unit;

a discharging path for discharging electric charge remain-
ing in the actuator and consuming energy corresponding to
the electric charge; and

a controller, in charging the actuator, which charge electric
charge in the actuator from the intermediate voltage source
and thereafter charging electric charge in the actuator from
the driving power supply and, in discharging of the actuator,
discharging electric charge from the actuator to the interme-
diate voltage source and thereafter discharging electric
charge of the actuator with the discharging path.

DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate embodi-
ments of the invention, and together with the general descrip-
tion given above and the detailed description of the preferred
embodiment given below, serve to explain the principles of
the disclosure.

FIG. 1 is a circuit diagram of a device in the past;

FIG. 2 is a circuit diagram of a voltage waveform of actua-
tors shown in FIG. 1;

FIG. 3 is a circuit diagram showing path in a first stage of
charging according to a first embodiment of the present inven-
tion;

FIG. 4 is a diagram of a voltage waveform of actuators
shown in FIG. 3;

FIG. 5 is a circuit diagram showing path in a second stage
of charging according to the first embodiment;

FIG. 6 is a circuit diagram showing path in the first stage of
discharging according to the first embodiment;

FIG. 7 is a circuit diagram showing path in the second stage
of discharging according to the first embodiment;

FIG. 8 is a circuit diagram of a driving device according to
the second embodiment of the present invention;

FIG. 9 is a circuit diagram of a main part according to a
third embodiment of the present invention;

FIG. 10 is a circuit diagram of a delay control circuit
according to the third embodiment;

FIG. 11 is a circuit diagram of a modification of the delay
control circuit according to the third embodiment;

FIG. 12 is a circuit diagram of a main part according to a
fourth embodiment of the present invention;

FIG. 13 is a circuit diagram of a main part according to a
fifth embodiment of the present invention;

FIG. 14 is a circuit diagram showing path in a first stage of
charging according to a sixth embodiment of the present
invention;

FIG. 15 is a circuit diagram showing path in a second stage
of charging according to the sixth embodiment;

FIG. 16 is a circuit diagram showing path in a first stage of
discharging according to the sixth embodiment;

FIG. 17 is a circuit diagram showing path in a second stage
of discharging according to the sixth embodiment;

FIG. 18 is a diagram of a voltage waveform of actuators
according to a seventh embodiment of the present invention;

FIG. 19 is a circuit diagram showing path in a first stage of
charging according to a ninth embodiment of the present
invention;

FIG. 20 is a circuit diagram showing path in a second stage
of charging according to the ninth embodiment;
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FIG. 21 is a circuit diagram showing path in a third stage of
charging according to the ninth embodiment;

FIG. 22 is a circuit diagram showing path in a first stage of
discharging according to the ninth embodiment;

FIG. 23 is a circuit diagram showing path in a second stage
of discharging according to the ninth embodiment;

FIG. 24 is a circuit diagram showing path in a third stage of
charging according to the ninth embodiment;

FIG. 25 is a circuit diagram showing path in a first stage of
charging according to a tenth embodiment of the present
invention;

FIG. 26 is a circuit diagram showing path in a first stage of
discharging according to the tenth embodiment;

FIG. 27 is a circuit diagram of a driving device according to
an eleventh embodiment of the present invention;

FIG. 28 is a diagram of a modification of a main part
according to the eleventh embodiment;

FIG. 29 is a diagram of another modification of the main
part according to the eleventh embodiment;

FIG. 30 is a diagram for explaining actions of the eleventh
embodiment;

FIG. 31 is a diagram for explaining actions of a modifica-
tion of the eleventh embodiment;

FIG. 32 is a circuit diagram of a driving device according to
a twelfth embodiment of the present invention;

FIG. 33 is a diagram for explaining actions of the twelfth
embodiment;

FIG. 34 is a diagram for explaining actions of a modifica-
tion of the twelfth embodiment;

FIG. 35 is a circuit diagram of a driving device according to
a thirteenth embodiment of the present invention;

FIG. 36 is a diagram for explaining actions of the thirteenth
embodiment;

FIG. 37 is a diagram for explaining actions of a modifica-
tion of the thirteenth embodiment;

FIG. 38 is a circuit diagram showing path in a first stage of
charging of a charging path at a first stage of a charging period
in a forward direction according to a fourteenth embodiment
of the present invention;

FIG. 39 is a circuit diagram showing path in a second stage
of charging of the charging period in the forward direction
according to the fourteenth embodiment;

FIG. 40 is a circuit diagram showing path in a first stage of
charging of a discharging period following charging in the
forward direction according to the fourteenth embodiment;

FIG. 41 is circuit diagram showing path in a second stage of
discharging of the discharging period following the charging
in the forward direction according to the fourteenth embodi-
ment;

FIG. 42 is a circuit diagram showing path in a first stage of
charging of a charging path at a first stage of a charging period
in a backward direction according to the fourteenth embodi-
ment;

FIG. 43 is a circuit diagram showing path in a second stage
of charging of the charging period in the backward direction
according to the fourteenth embodiment;

FIG. 44 is a circuit diagram showing path in a first stage of
discharging of a discharging period following charging in the
backward direction according to the fourteenth embodiment;

FIG. 45 is a circuit diagram showing path in a second stage
of discharging of the discharging period following the charg-
ing in the backward direction according to the fourteenth
embodiment;

FIG. 46 is a diagram of an external appearance of an ink jet
head according to the fourteenth embodiment;

FIG. 47 is a diagram of the ink jet head shown in FIG. 46
viewed from a side; and
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FIG. 48 is a diagram of a section of the ink jet head along
A-A line shown in FIG. 47 viewed in an arrow direction.

DETAILED DESCRIPTION

A first embodiment of the present invention is explained
below with reference to the accompanying drawings.

As shown in FIG. 3, a first voltage source 41 that outputs
DC voltage “E” (V) of a fixed level is prepared. A second
voltage source 42 that outputs DC voltage “E/2” (V) of a half
level of the DC voltage “E” (V) is also prepared. The voltage
source 41 functions as a driving power supply that outputs
charging voltage given to a capacitance type actuator. The
voltage source 42 functions as an intermediate voltage source
that gives intermediate potential at a stage halfway in charg-
ing and discharging to the capacitance type actuator. Negative
side terminals of the voltage sources 41 and 42 are connected
in common. A connection line for the voltage sources 41 and
42 is a zero (V) ground line.

A series circuit of source to drain of a switch element, for
example, a P-channel MOS transistor S12 and source to drain
of a switch element, for example, an N-channel MOS tran-
sistor S11 is connected to both ends of the voltage source 41.
A back gate of the MOS transistor S12 is connected to a
positive side terminal of the voltage source 41. A back gate of
the MOS transistor S11 is connected to the ground line. A
series circuit of source to drain of a switch element, for
example, a P-channel MOS transistor S22 and source to drain
of a switch element, for example, an N-channel MOS tran-
sistor S21 is connected to both the ends of the voltage source
41. A back gate of the MOS transistor S22 is connected to the
positive side terminal of the voltage source 41. A back gate of
the MOS transistor S21 is connected to the ground line.

A series circuit of source to drain of a switch element, for
example, a P-channel MOS transistor S13 and the source to
drain of the N-channel MOS transistor S11 is connected to
both ends of the voltage source 42. A back gate of the MOS
transistor S13 is connected to a positive side terminal of the
voltage source 41. A series circuit of source to drain of a
switch element, for example, a P-channel MOS transistor S23
and the source to drain of the N-channel MOS transistor S21
is connected to both the ends of the voltage source 42. A back
gate of the MOS transistor S23 is connected to the positive
side terminal of the voltage source 41.

The actuator Z1 is connected between an interconnection
point of the MOS transistors S13, S12, and S11 and an inter-
connection point of the MOS transistors S23, S22, and S21.

MOS transistors S11, 821, ...,and Snl, S12, S22, ..., and
Sn2, and S13, 823, .. ., and Sn3 are connected to the voltage
sources 41 and 42 and form a charging and discharging circuit
30 that forms an energization path for charging and discharg-
ing for actuators 71, 72, . . . , and Zm. In the following
explanation, attention is paid to the operation of one actuator
71 and six MOS transistors S13, S12, S11, S23, S22, and S21.
However, the operation of the other actuators and charging
and discharging circuits corresponding thereto is the same.

Six MOS transistors do not always correspond to one
actuator. This means that n is not always equal to 2 m.

For example, in an ink jet head of a shear mode and share
wall shown in FIGS. 46, 47, and 48 explained later, two
actuators adjacent to each other share an electrode and a
driving circuit for the electrode. Therefore, n is equal to m+1.
The present invention also includes a driving device that
drives such an ink jet head.

Gates of the MOS transistors of the charging and discharg-
ing circuit 30 are connected to a logic circuit 50. The logic
circuit 50 supplies drive signals to the gates of the MOS
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transistors and selectively turns on and off the MOS transis-
tors to thereby control charging and discharging of the actua-
tors Z1, 72, . .., and Zm.

A charging and discharging unit includes the charging and
discharging circuit 30 and the logic circuit 50.

Actions are explained below.

Energy consumption is calculated with attention paid to the
movement of electric charge. When charging and discharging
of'a capacitance type actuator is substantially completed in a
short time, this idea is accurate and simple. According to this
idea, circuit resistance can be excluded from the calculation.

When the capacitance of the actuator 71 is represented as
C, in order to charge the actuator 71 to the voltage “E”,
electric charge “Q=C-E” has to be given to the actuator Z1.

As shown in FIG. 4, the charging period T1 by the forward
energization is divided into a first stage T1a when the output
voltage “E/2” of the voltage source 42 is applied in the for-
ward direction from one end to the other end of the actuator
71 by turning on the MOS transistors S13 and S21 and a
second stage T15 when the output voltage “E” of the voltage
source 41 is applied in the forward direction from one end to
the other end of the actuator Z1 by turning on the MOS
transistors S12 and S21. At the first stage T1aq, as indicated by
an arrow in FIG. 3, the electric charge “Q/2” flows out from
the voltage source 42 and is stored in the actuator Z1. At the
second stage T1b, as indicated by an arrow in FIG. 5, the
electric charge “Q/2” flows out from the voltage source 41
and is stored in the actuator Z1.

A charging loss at the first stage T1a is a value obtained by
deducting energy stored in the actuator Z1 from energy sup-
plied by the voltage source 42 and is represented by the
following formula:

(Q2) (ER2)~(02) (ER2)2~(QE)/8

A charging loss at the second stage T2a is a value obtained
by deducting energy added to the actuator Z1 from energy
supplied by the voltage source 41 and is represented by the
following formula:

(QR2YE-{(QE)2-((Q/2)(E/))V2}=QE/8

Thereafter, the voltage “E” of the actuator Z1 is held in
order to maintain a deformed state of the actuator Z1 for a
while until a phase of ink pressure reaches a predetermined
stage. The voltage “E” may be held by keeping the MOS
transistors S12 and S21 on or may be performed by turning
off one of the MOS transistors S12 and S21 or turning oft both
the MOS transistors S12 and S21.

The next discharging period T2 is divided into a first stage
T2a when the actuator Z1 is discharged by turning on the
MOS transistors S13 and S21 and a second stage 125 when
the actuator 71 is discharged by turning on the MOS transis-
tors S13 and S23. At the first stage T2a, as indicated by an
arrow in FIG. 6, the electric charge “Q/2”, which is the half of
the change stored in the actuator Z1, is returned to the voltage
source 42. At the second stage 125, as indicated by an arrow
in FIG. 7, the electric charge “Q/2” is looped and discharged
via a path not passing through a voltage source, i.e., a dis-
charging path. At this point, the remaining electric charge
“Q/2” stored in the actuator Z1 is discharged and energy
corresponding to the electric charge “Q/2” is consumed by
resistance components on the discharging path. Conse-
quently, the voltage of the actuator Z1 decreases to zero.

A discharging loss at the first stage T2a is a value obtained
by deducting energy returned to the voltage source 42 from
energy extracted from the actuator Z1 and is represented by
the following formula:

{QEY2-[(9/2)(E2))2}-[(92)(E)]=(QE)/8
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A discharging loss at the second stage T2b is energy
remaining in the actuator Z1 and is represented by the fol-
lowing formula:

[(Q2) (E2))2=(QE)/8

The voltage source 41 discharges the electric charge “Q/2”
at the first stage Tla of the charging period T1. That is, the
voltage source 41 supplies energy of “(Q-E/2”. The energy
“(Q-E/2” is equal to total energy “[(Q-E)/8]-4” consumed by
the driving device at all the stages T1a, T1b, T2a, and T25b of
the charging period T1 and the discharging period T2.

The voltage source 42 discharges the electric charge “Q/2”
at the first stage Tla of the charging period T1. However,
since the voltage source 42 receives the electric charge “Q/2”
at the first stage T2a of the discharging period T2, the voltage
source 42 does not supplies power. This means that the volt-
age source 42 only has to have an electricity storing function
and a small-capacity supply ability enough for correcting a
slight shift of electric charge. In other words, the voltage
source 42 does not need to be a so-called “power supply”.
This is an important characteristic of the present invention.

An essential condition for enjoying this characteristic is the
following (1):

(1) “A difference “E-(E/2)=E/2” between the voltage
“E/2” of the voltage source 42 and the reached voltage “E”
during the charging of the actuator Z1’ is equal to ‘a differ-
ence “(E/2)-0=E/2” between the voltage “E/2” of the voltage
source 42 and initial or after-discharge voltage “0” of the
actuator Z1°.

When this condition is satisfied, electric charge input to
and electric charge output from the voltage source 42 during
the charging and during the discharging are equal. As aresult,
power consumption of the voltage source 42 is substantially
zero. Therefore, concerning the adoption of the voltage
source 42, the problems of power consumption and heat gen-
eration do not occur. Since the power consumption of the
voltage source 42 is substantially zero, power consumed by
the driving device can be regarded as only the power con-
sumption of the voltage source 41.

The charging period T3 by the backward energization is
divided into a first stage T3a when the output voltage “E/2” of
the voltage source 42 is applied in the backward direction
from the other end to one end of the actuator Z1 by turning on
the MOS transistors S23 and S11 and a second stage T35
when the output voltage “E” of the voltage source 41 is
applied in the backward direction from the other end to one
end of the actuator Z1 by turning on the MOS transistors S22
and S11. At the first stage T3a, the electric charge “Q/2” flows
out from the voltage source 42 and energy stored in the
actuator Z1. At the second stage T35, the electric charge
“Q/2” flows out from the voltage source 41 and energy stored
in the actuator Z1.

The discharging period T4 is divided into a first stage T4a
when the actuator Z1 is discharged by turning on the MOS
transistors S23 and S11 and a second stage T4b when the
actuator Z1 is discharged by turning on the MOS transistors
S23 and S13. At the first stage T4a, the electric charge “Q/2”,
which is the half of the charge stored in the actuator Z1, is
returned to the voltage source 42. Atthe second stage T4b, the
remaining electric charge “QQ/2” stored in the actuator Z1 is
consumed by resistance components on the discharging path.

A second embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those in the first embodiment are denoted by the same refer-
ence numerals and signs and explanation of the components is
omitted.
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As shown in FIG. 8, a smoothing capacitor 43 is connected
in parallel to the voltage source 41. The voltage source 42
includes a series circuit (a voltage dividing circuit) of resis-
tors 61 and 62 connected to both the ends of the voltage source
41, an operational amplifier 63 that has power supply termi-
nals connected to both the ends of the voltage source 41 and
amplifies, with a gain “1”, voltage divided by the series circuit
of'the resistors 61 and 62, a MOS transistor 64 that has source
to drain connected between a positive side input terminal of
the operational amplifier 63 and the ground line, a resistor 65
connected between a gate of the MOS transistor 64 and the
ground line, a smoothing capacitor 67 connected between an
output terminal of the operational amplifier 63 and the ground
line via a resistor 66, and a shot key barrier diode (SBD) 68
connected between an interconnection point of the resistor 66
and the smoothing capacitor 67 and the positive side terminal
of the power supply 41. The smoothing capacitor 67 has an
electricity storing function.

A reset signal is supplied to a gate of the MOS transistor 64
from the logic circuit 50. When the reset signal is ata low level
“L” (not resetting), the MOS transistor 64 is turned off, the
voltage of the resistor 62 is amplified by the operational
amplifier 63, and the voltage “E/2” is output from the opera-
tional amplifier 63. A function of the operational amplifier 63
is a voltage follower circuit that buffers, with a gain “1”, the
voltage of the resistor 62 serving as a reference voltage
source. The resistance of the resistor 61 and the resistor 62 is
the same. That is, the reference voltage is E/2.

The output voltage “E/2” is charged in the smoothing
capacitor 67. The voltage “E/2” generated in the smoothing
capacitor 67 is an output voltage of the voltage source 42.
When the reset signal changes to a high level “H”, the MOS
transistor 64 is turned on and the potential at the positive side
input terminal of the operational amplifier 63 decreases to
zero. In this case, the output voltage of the operational ampli-
fier 63 decreases to zero and the electric charge stored in the
smoothing capacitor 67 is discharged via the resistor 66.
When the discharging ends, the voltage of the smoothing
capacitor 67 decreases to zero.

The resistor 66 is a current limiting unit that limits the
output current of the operational amplifier 63 not to be exces-
sively large in charging and discharging of the smoothing
capacitor 67 and the actuator Z1. The resistor 66 is a resistor
for allowing slight temporal fluctuation for the output voltage
“E/2” of the voltage source 42. A time constant of a circuit
including the resistor 66 and the smoothing capacitor 67 is set
long compared with energization time of the actuator Z1. In
the case of a high-speed ink jet head, a period of the forward
energization including the charging period T1 (shown in FIG.
4) is time of few microseconds. On the other hand, a time
constant of a circuit including the resistor 66 and the smooth-
ing capacitor 67 is set to, for example, several milliseconds.
The time constants are set in this way in order to prevent the
operational amplifier 63 from reacting following the charging
and discharging.

By allowing the slight temporal fluctuation for the output
voltage “E/2” of the voltage source 42 in this way, it is
possible to prevent the operational amplifier 63 from consum-
ing useless power to correct slight voltage fluctuation. Elec-
tric charge stored in the smoothing capacitor 67 is used for
instantaneous supply of electric charge. To reduce voltage
fluctuation at this point, the capacity of the smoothing capaci-
tor 67 should simply be increased. The required function of
the resistor 66 is limiting electric current for the operational
amplifier 63 to charge and discharge the smoothing capacitor
67. Therefore, for example, a constant current circuit may be
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used instead of the resistor 66. The constant current circuit
may be incorporated in the operational amplifier 63.

When the operation of the driving device is stopped, the
logic circuit 50 sets the reset signal to the high level “H” and
quickly discharges residual electric charge of the smoothing
capacitor 67. Consequently, when the operation is stopped at
power down, output voltage of the voltage source 42 is con-
trolled not to be higher than the output voltage of the voltage
source 41. The shot key barrier diode 68 is also protecting
means for preventing, output voltage of the voltage source 42
to be higher than the output voltage of the voltage source 41
at power down. Only one of these protecting means may be
provided. The protecting means only have to be provided as
required. In embodiments explained below, the description
about the protecting means is omitted. However, the protect-
ing means can be added according to the same idea.

In the case of the driving device in the past shown in FIG.
1 explained first, the energy consumption in the period from
the charging to the discharging of the actuator is “Q-E”.
However, in the case of the second embodiment, as in the first
embodiment, the energy consumption in the period from the
charging to the discharging of the actuator Z1 is “(Q-E/2” half
as large as that in the past. If holding times at the stages of the
charging period T1, the discharging period T2, the charging
period T3, and the discharging period T4 are set to time
sufficient for charging and set to time sufficiently short com-
pared with a pressure oscillation period of the actuator 71, the
operation of ink jet is the same as that in the past.

Other components, actions, and effects are the same as
those in the first embodiment.

A third embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those in the first and second embodiments are denoted by the
same reference numerals and signs and explanation of the
components is omitted.

Before explaining the operation of the third embodiment,
first, charge pump operation during discharging of the actua-
tor Z1 related to reliability secured when the driving device
shown in FIG. 3 or 8 is integrated-circuited is explained.

As in the first and second embodiment, when charging and
discharging of the actuator Z1 is performed by a method of
controlling forward energization and backward energization,
voltage during discharging may exceed a range of the poten-
tial of the output of the voltage source 41 on a positive side or
a negative side. This operation is called charge pump opera-
tion.

In general, in a semiconductor integrated circuit, highest
potential of a positive side line is given to a back gate of a
P-channel MOS transistor and lowest potential (zero poten-
tial) of a ground line is given to a back gate of an N-channel
MOS transistor. One of the highest potential and the lowest
potential is set as potential of a substrate of the semiconductor
integrated circuit. A reverse bias is applied to PN junction
between the substrate and back gates of the MOS transistors
and elements in the semiconductor integrated circuit. Conse-
quently, the elements in the semiconductor integrated circuit
are electrically insulated from the substrate or the back gates
of the MOS transistors.

However, if high-level voltage on a positive side or a nega-
tive side exceeding a range of the highest potential to the
lowest potential is applied to any one of the elements in the
semiconductor integrated circuit and, moreover, if the applied
voltage exceeding the range is larger than forward direction
voltage “Vf” of the PN junction (about 0.6 V in a silicon
semiconductor), electric current flows between the substrate
or the back gates of the MOS transistors and the elements in
the semiconductor integrated circuit, which originally need
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be insulated from each other. This electric current actuates
parasitic transistors parasitic in various places of the semi-
conductor integrated circuit, causes malfunction and latch-
up, and deteriorates reliability of the semiconductor inte-
grated circuit.

In the third embodiment, such deterioration in reliability is
prevented.

The high-level voltage on the positive side or the negative
side caused by the charge pump operation occurs when elec-
tric charge stored in the actuator Z1 is discharged. An
example of the occurrence of the peak voltage and the effect
of the current embodiment for this issue is explained with
reference to the first stage T2a and the second stage T25 inthe
discharging period T2 shown in FIG. 4.

At the starting point of the second stage T25, the voltage of
the actuator Z1 already have fallen to “E/2”. Discharging
operation at this point is performed in a loop including the
positive side terminal of the voltage source 42 having the
voltage “E/2”. Therefore, voltage generated by the charge
pump operation does not exceed the range of voltage “0” to
“B”.

This action is an effect obtained by performing final dis-
charging using a transistor connected to intermediate poten-
tial according to the configuration of the present invention
and is one of advantages of the present invention.

However, at the starting point of the first stage T2a in the
discharging period T2, the drain voltage of the N-channel
MOS transistor S21 is swung to a negative level. When peak
current of a positive value flowing to the transistor S21 at the
starting point of the first stage T2a is represented as Ip and the
ON resistance of the MOS transistor S21 is represented as Rn,
peak voltage Vp of a negative level applied to the drain of the
MOS transistor S21 is represented by the following formula:

Vp=-Ip-Rn

When the ON resistance of the P-channel MOS transistor
S13 is represented as Rp and the equivalent series resistance
of the actuator 71 is represented as Rc, peak current Ip is
represented by the following formula:

Ip=(E/2)/(Rp+Rc+Rn)

When the peak current Ip is substituted in the formula of
the peak voltage Vp, the peak voltage Vp is represented by the
following formula:

Vp=—(E/2)-Rn/(Rp+Rc+Rn)

When an absolute value of the peak voltage Vp of the
negative level is larger than the forward direction voltage
“V1” of the PN junction of the semiconductor, if the driving
device shown in FIG. 3 or 8 is integrated-circuited, it is likely
that electric current flows out from the back gates or an
integrated circuit substrate to cause malfunction and latch-up.
In order to prevent the likelihood of malfunction and latch-up
and improve reliability of the circuit, an absolute value [Vpl
of'the peak voltage Vp only has to be set as small as possible.
Desirably, the absolute value [Vpl is set smaller than the
forward direction voltage of the PN junction, “V{”.

However, the formulas do not take into account the influ-
ence of the inductance of wiring and an inductance compo-
nent of the actuator Z1. Inan actual driving device, since there
is the influence of an inductance component, the peak current
Ip and the absolute value | Vpl are smaller and more advanta-
geous than those of the formulas. However, it is a burden to
actually calculate the inductance of the wiring and the induc-
tance component of the actuator Z1. Therefore, the formulas
are used for the following discussion. High reliability is still
obtained by setting the absolute value | Vpl for the formula as
small as possible.
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Afirstterm of the formula representing the peak voltage Vp
is a value “E/2” half as large as the voltage “E”. This is
because, in this embodiment, stepwise discharging operation
for once discharging to “E/2” is adopted. As a result, com-
pared with the discharging to zero without an intermediate
step, the absolute value |Vpl is small and a condition | Vpl<Vf
is easily satisfied. This is also one of the advantages of the
configuration of the present invention. The equivalent series
resistance Rc of the actuator Z1 depends on the actuator Z1
and cannot be changed in general. Therefore, from this point
of'view, the ON resistance Rp of the P-channel MOS transis-
tor S13 should be set as large as possible and the ON resis-
tance Rn of the N-channel MOS transistor S21 is set as small
as possible.

To set the ON resistance Rn small, it is necessary to
increase the size of the MOS transistor S21. However, usu-
ally, the N-channel MOS transistor tends to have small ON
resistance compared with the P-channel MOS transistor even
if areas thereof are the same. This is also advantageous in
satistying the condition |VpI<Ef.

To set the ON resistance Rp large, the size of the P-channel
MOS transistor S13 only has to be set small. However, if the
size of the MOS transistor S13 is set small and the ON
resistance Rp is set large simply, it is likely that charging time
for the actuator Z1 is extended and the operation of ink jet is
dulled.

As measures against this problem, plural P-channel MOS
transistors connected in parallel to one another only have to
be adopted instead of the P-channel MOS transistor S13 and
sequentially turned on. This makes it possible to set large ON
resistance Rp of the MOS transistor that is turned on first.

Specifically, as shown in FIG. 9, two P-channel MOS tran-
sistors S13a and S135 having small areas and large ON resis-
tance Rp and connected in parallel to one another are adopted
instead of the P-channel MOS transistor S13. Similarly, each
of'the P-channel MOS transistors S23 to Sn3 is also replaced
with two P-channel MOS transistors. The operation of the
MOS transistors S13a and S136 is explained below. Expla-
nation of the operation of the MOS transistors S23 to Sn3 is
omitted.

Both the MOS transistors S13a and S135 are not simulta-
neously turned on at timing when the MOS transistor S13 is
turned on. Only one MOS transistor S13a is turned on first
and, after the peak current IP decreases, the other MOS tran-
sistor S135 is additionally turned on.

The two MOS transistors S13a and S135 are turned on in
order one by one. Consequently, the peak current Ip and the
peak voltage Vp of the negative level generated by the peak
current Ip are divided into a peak at the time when the MOS
transistor S13q is turned on and a peak at the time when the
MOS transistor S135 is turned on. Levels of the peaks can be
reduced.

As means for turning on the two MOS transistors S13a¢ and
S135 in order one by one, a delay control circuit 70 shown in
FIG. 10 is adopted. The delay control circuit 70 includes an
inverter 71 for inverting a level of a drive signal from the logic
circuit 50 and supplying the drive signal to the MOS transistor
S13aq, a delay circuit 73 that delays the drive signal from the
logic circuit 50 by time of, for example, about 50 nanosec-
onds, and a NAND gate 72 that supplies the drive signal from
the logic circuit 50 to the MOS transistor S1356 according to
the output of the delay circuit 73. The Drive signal is “Active
High”. The Pch MOS transistors S13a and S135 turns ON
when its Gate terminal is “Low”.

It is advisable to set a ratio of ON resistances Rp of the
MOS transistors S13a and S135 (an inverse ratio of transistor
areas) such that larger one of a peak voltage at the time when
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the MOS transistor S13a is turned on and a peak voltage at the
time when the MOS transistor S135 is turned on is as small as
possible, i.e., the levels of the two peak voltages are the same.
According to this setting, the ON resistance Rp of the MOS
transistor S13a is normally larger than the ON resistance Rp
of the MOS transistor S135. This method is explained in
detail in JP-A-2002-94364 of the inventor.

As another method, the ON resistance of the MOS transis-
tor S13a is set larger than the ON resistance of the MOS
transistor S13b. A sequence for turning on only the MOS
transistor S13a and turning oft the MOS transistor S135 first,
turning off the MOS transistor S13a and turning on the MOS
transistor S135 next, and finally turning on both the MOS
transistors S13a and S135 is adopted. Then, three peaks of the
current peak Ip and the voltage peak Vp are formed. As a
result, the ON resistance Rp of the MOS transistor S13a
turned on first can be set larger and the current peak Ip and the
voltage peak Vp can be set smaller.

In this method, a delay control circuit 80 shown in FIG. 11
is adopted. The delay control circuit 80 includes a NAND gate
81 for supplying a drive signal to the MOS transistor S13a, a
NAND gate 82 for supplying a drive signal to the MOS
transistor S13b, a delay circuit 83 that delays a drive signal
from the logic circuit 50 by a predetermined time, an inverter
84 that inverts a level of a drive signal output from the delay
circuit 83, a delay circuit 85 that further delays the drive
signal output from the delay circuit 83 by a predetermined
time, and an OR gate 86 that is input with the drive signal
output from the delay circuit 85 and the drive signal output
from the inverter 84. The drive signal from the logic circuit 50
and an output signal of the OR gate 86 are input to the NAND
gate 81. The drive signal from the logic circuit 50 and the
drive signal output from the delay circuit 83 are input to the
NAND gate 82.

Other components, actions, and effects are the same as
those in the first embodiment.

A fourth embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those in the first to third embodiments are denoted by the
same reference numerals and signs and explanation of the
components is omitted.

Instead of replacing the P-channel MOS transistor S13
(and the MOS transistors S23 to Sn2) with the two MOS
transistors S13a and S135, as shown in FIG. 12, a drive signal
from the logic circuit 50 is supplied to the MOS transistor S13
via a time constant circuit 90. Time constant circuits 90 are
also provided for the other P-channel MOS transistors S23 to
Sn3. The operation of the MOS transistor S13 is explained
below. Explanation of the operation of the other MOS tran-
sistors S23 to Sn2 is omitted.

The time constant circuit 90 includes a capacitor 91, a
resistor 92, and a Pch MOS transistor 93. In an ON period of
the MOS transistor S13, first, the gate voltage of the MOS
transistor S13 is controlled to increase the ON resistance Rp
of'the MOS transistor S13 and, thereafter, the gate voltage of
the MOS transistor S13 is controlled to reduce the ON resis-
tance Rp of the MOS transistor S13.

This makes it possible to set absolute values of the peak
current Ip and the peak voltage Vp small at the time when the
MOS transistor S13a is turned on.

Other components, actions, and effects are the same as
those in the first embodiment.

A fifth embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those in the first to fourth embodiments are denoted by the
same reference numerals and signs and explanation of the
components is omitted.



US 9,385,296 B2

15

Instead of replacing the P-channel MOS transistor S13
(and the MOS transistors S23 to Sn3) with the two MOS
transistors S13a and 135, as shown in FIG. 13, a drive signal
from the logic circuit 50 is supplied to the MOS transistor S13
via a constant current control circuit (a current mirror circuit)
100. Constant current control circuits 100 are also provided
for the other P-channel MOS transistors S23 to Sn3. The
operation of the MOS transistor S13 is explained below.
Explanation of the operation of the other MOS transistors S23
to Sn2 is omitted.

The constant current control circuit 100 includes a MOS
transistor 101, a Pch MOS transistor 101, a resistor 102, and
a Nch transistor 103. In the ON period of the MOS transistor
S13, the constant current control circuit 100 limits a maxi-
mum value of electric current flowing to the MOS transistor
S13.

Other components, actions, and effects are the same as
those in the first embodiment.

A sixth embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those in the first to fifth embodiments are denoted by the same
reference numerals and signs and explanation of the compo-
nents is omitted.

As shown in FIG. 14, the smoothing capacitor 43 is con-
nected in parallel to the voltage source 41. The voltage source
42 includes a series circuit (a voltage dividing circuit) of
resistors 111 and 112 connected to both the ends of the volt-
age source 41, an operational amplifier 113 that has a power
supply terminal connected to both the ends of the voltage
source 41 and amplifies, with a gain “1”, voltage generated in
the resistor 112, a series circuit of a smoothing capacitor 114
and a resistor 115 connected between the positive side termi-
nal of the voltage source 41 and an output terminal of the
operational amplifier 113, and a shot key barrier diode 116
connected between an interconnection point of the smoothing
capacitor 114 and the resistor 115 and the ground line. The
smoothing capacitor 114 has an electricity storing function.
The resistance of the resistor 111 and the resistor 112 are the
same. That is, the reference voltage of the operational ampli-
fier 113 is “E/2”, and output of the operational amplifier 113
is also “E/2”. The voltage of the interconnection point of the
smoothing capacitor 114 and the resistor 115 is also “E/2” in
the steady state. It is the output voltage of the voltage source
42. The output voltage “E/2” is obtained with reference to the
output voltage “E” of the voltage source 41 unlike the output
voltage “E/2” obtained with reference to the zero potential of
the ground line as shown in FIG. 8.

A third voltage source 44 that outputs DC voltage “Ecc” is
provided. The back gates of the P-channel MOS transistors
S12, S13, S22, 823, . . ., Sn2, and Sn3 are connected to a
positive side output terminal of the voltage source 44. A
negative side output terminal of the voltage source 44 is
connected to the ground line.

The charging at the first stage T1a in the charging period T1
is performed by turning on the MOS transistors S12 and S23
as indicated by an arrow in FIG. 14. The charging at the
second stage T15 is performed by turning on the MOS tran-
sistors S12 and S21 as indicated by an arrow in FIG. 15.

The discharging at the first stage T2a in the discharging
period T2 is performed by turning on the MOS transistors S12
and S23 as indicated by an arrow in FIG. 16. As indicated by
arrows in FIG. 17, the discharging at the second stage 125 in
the discharging period T2 is performed by turning on the
MOS transistors S13 and S23.

In particular, in the discharging at the first stage T2a in the
discharging period T2 (FIG. 16), the MOS transistors S12 and
S23 are turned on and the MOS transistor S21 is not turned on.
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Since the MOS transistor S21 is not turned on, the drain ofthe
MOS transistor S21 does not have negative potential. Since
the peak current Ip flows to the MOS transistor S12, positive
peak voltage Vp is generated at the drain of the MOS transis-
tor S12 with reference to the voltage “E”. In other words, the
drain voltage of the MOS transistor S12 is “E+Vp”.

When the ON resistance of the P-channel MOS transistor
S12 is represented as Rn12, the ON resistance of the P-chan-
nel MOS transistor S23 is represented as Rn23, and the
equivalent series resistance of the actuator Z1 is represented
as Rc, the peak voltage Vp is represented by the following
formula:

Vp=[(E/2)Rn12)/[Rn23+Rc+Rn12]

The peak voltage Vp is larger as a total of the equivalent
series resistance Rc of the actuator Z1 and the ON resistance
Rn23 of the MOS transistor S23 is smaller. The peak voltage
Vp is smaller as the ON resistance Rn12 of the MS transistor
S12 is smaller. When the inductance component of the actua-
tor Z1 and the inductance component of the wiring are large,
the peak voltage Vp is smaller than a value of the above
formula.

The level of the peak voltage Vp is proportional to the
difference “E/2” between the charging voltage “E” at the
second stage T15 in the charging period T1 and the voltage
“E/2” at the end point of the first stage T2a in the discharging
period T2 after that. This is because, in this embodiment, the
stepwise discharging operation for once discharging to “E/2”
and subsequently discharging to zero is adopted instead of
discharging to zero without an intermediate step.

The level of the output voltage “Ecc” of the voltage source
44, to which the back gates of the P-channel MOS transistors
S12,513,822,823,...,Sn2, and Sn3 are connected, is higher
than that of the output voltage “E” of the voltage source 41.
The output voltage “Ecc” is selected according to a condition
of the following formula:

Ecc=E+Vp+Vf

According to the selection, it is possible to prevent a defi-
ciency in that the back gates of the MOS transistors S12, S13,
S22, S23, . . ., Sn2, and Sn3 are sequentially biased and
electric current flows to the back gates. Therefore, it is pos-
sible to improve reliability of the integrated circuit.

An upper limit of the voltage “Ecc” is limited by the with-
standing voltage of the integrated circuit. In order to gain the
driving speed and the amplitude of the actuator 71, there is a
request for increasing the output voltage “E” of the voltage
source 41 as the driving voltage. To increase the output volt-
age “E” of the voltage source 41 while the output voltage
“ECC” of'the voltage source 44 is kept constant, it is desirable
to set the peak voltage Vp as small as possible.

In this embodiment, since a proportional coefficient of the
peak voltage Vp is proportional to “E/2” rather than “E”, the
peak voltage Vp is smaller than that in the past and is advan-
tageous. This is one of the advantages of the configuration of
the present invention.

Other components, actions, and effects are the same as
those in the first embodiment.

A seventh embodiment of the present invention is
explained below. In the drawings referred to below, compo-
nents same as those in the first to sixth embodiments are
denoted by the same reference numerals and signs and expla-
nation of the components is omitted.

In the embodiments, one or both of the time of the first
stage T1a in the charging period T1 and the time of the first
stage T2a in the discharging period T2 can be adjusted.
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In an ink jet head having plural actuators, if different times
are selected among the actuators as the time(s) of one or both
of'the first stage T1a and the first stage T2a, the actuators can
be driven in different manners. For example, when the times
of the first stage T1a and the first stage T2a of the actuator
related to a certain channel are set longer than those of other
channels, a pressure change for ink jet is dulled. Therefore, in
the channel related to the actuator, a jet volume and jet speed
fall compared with those of the other channels. It is possible
to select the first stage T1a and the first stage T2a to correct
differences in the jet volume and the jet speed due to charac-
teristic differences among the actuators, the channels, and
nozzles. This makes it possible uniformalize ink jet charac-
teristics.

To adjust the time of the first stage T1a and the time of the
first stage T2a, ON and OFF timing for the MOS transistors
only has to be adjusted. For example, in the case of the driving
device shown in FIG. 14, if ON timing for the MOS transistor
S21 shown in FIG. 15 is delayed, the time of the first stage
T1a is extended as shown in FIG. 18. If OFF timing for the
MOS transistor S21 and ON timing for the MOS transistor
S23 shown in FIG. 16 are advanced, the time of the second
stage T2a is extended as shown in FIG. 18. Since this method
can be controlled by a digital circuit, the method is easy to
control and effective.

Other components, actions, and effects are the same as
those in the first embodiment.

An eighth embodiment of the present invention is
explained below. In the drawings referred to below, compo-
nents same as those in the first to seventh embodiments are
denoted by the same reference numerals and signs and expla-
nation of the components is omitted.

In the driving device shown in FIG. 8 explained as the
second embodiment, the output voltage of the voltage source
42 is set to “E/2” such that electric charge input to and electric
charge output from the voltage source 42 are equal. Accord-
ing to feedback, the operational amplifier 63 sources electric
current if the output voltage of the voltage source 42 is smaller
than “E/2” and sinks electric current if the output voltage of
the voltage source 42 is larger than “F/2” to maintain the
output voltage of the voltage source 42 at “E/2”. In other
words, both functions of current source and current sink are
necessary for the operational amplifier 63. Therefore, usually,
an output stage of the operational amplifier 63 needs to have
a push pull configuration.

In this embodiment, the resistance R1 of the resistor 61 and
the resistance R2 of the resistor 62 are not set the same and the
resistance R2 is set slightly larger than the resistance R1,
whereby the output voltage of the voltage source 42 is shifted
to a value slightly larger than “E/2”, for example, “0.51-E”.
Then, electric charge flowing out from the voltage source 42
at the first stage Tla of the charging period T1 is slightly
larger than electric charge flowing into the voltage source 42
atthe first stage T2qa of the discharging period T2. In this case,
if the operational amplifier 63 does not operate, the voltage of
the smoothing capacitor 67 gradually rises.

However, the operational amplifier 63 acts in a direction for
steadily allowing electric charge to escape to the ground line,
i.e., a sink direction and adjusts the magnitude of electric
current according to feedback. Consequently, the output volt-
age of the voltage source 42 is maintained at “0.51-E”. In
other words, the operational amplifier 63 may be a single end
output having only the current sink function. In a simplest
form, an emitter follower of a PNP-type transistor can be used
instead of the operational amplifier 63. In the case of using the
Emitter follower circuit of the PNP transistor instead of the
operational amplifier 63, Base of the PNP transistor should be
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connected between an interconnection point of resistor 61
and resistor 62, Corrector of the PNP transistor should be
connected to the ground line, and Emitter of the PNP transis-
tor should be connected to the resistor 66 instead of the
operational amplifier 63. The ratio of R1:R2 should be modi-
fied to compensate the Base-Emitter voltage of the PNP tran-
sistor.

Conversely, if the resistance R2 is set slightly smaller than
the resistance R1, the operational amplifier 63 may be a single
end output having only the current source function. In a
simplest configuration, an emitter follower of an NPN-type
transistor can be used instead of the operational amplifier 63.
In the case of using the Emitter follower circuit of the NPN
transistor instead of the operational amplifier 63, Base of the
NPN transistor should be connected between an interconnec-
tion point of resistor 61 and resistor 62, Corrector of the NPN
transistor should be connected to the voltage “E” of the volt-
age source 41, and Emitter of the NPN transistor should be
connected to the resistor 66 instead of the operational ampli-
fier 63. The ratio of R1:R2 should be modified to compensate
the Base-Emitter voltage of the NPN transistor

In this way, if electric charge flowing out from the voltage
source 42 during charging and electric charge flowing into the
voltage source 42 during discharging are slightly unbalanced,
although current consumption increases a little, there is an
advantage that a configuration of the driving device can be
simplified.

Other components, actions, and effects are the same as
those in the first embodiment.

A ninth embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those in the first to eighth embodiments are denoted by the
same reference numerals and signs and explanation of the
components is omitted.

In the embodiments, the voltages of the two stage levels,
i.e., the voltage “E” of the voltage source 41 and the voltage
“E/2” of the voltage source 42 are sequentially charged to the
actuator Z1. If the voltages to be charged are increased to
three stages “E”, “2E/3”, and “E/3”, the peak current Ip and
the peak voltage Vp can be further reduced. This makes it
possible to realize a reduction in noise and improvement of
reliability and reduce a charging and discharging loss.

As shown in FIG. 19, the smoothing capacitor 43 for elec-
tricity storage is connected in parallel to the voltage source
41. The voltage source 42 includes a series circuit (a voltage
dividing circuit) of resistors 121, 122, and 123 connected to
both the ends of the voltage source 41, an operational ampli-
fier (a voltage follower circuit) 124 that amplifies, with a gain
“17, voltage generated in a series circuit of the resistors 122
and 123, a smoothing capacitor 126 (hereinafter referred to as
intermediate voltage source 126) to which output voltage
“2E/3” of the operational amplifier 124 is applied via a resis-
tor 125, an operational amplifier (a voltage follower circuit)
127 that amplifies, with a gain “1”, voltage generated in the
resistor 123, and a smoothing capacitor (hereinafter referred
to as intermediate voltage source) 129 to which the output
voltage of the operational amplifier 127 is applied via a resis-
tor 128. The voltage “2E/3” is stored in the intermediate
voltage source 126 and the voltage “E/3” is stored in the
intermediate voltage source 129. A relation among the resis-
tances R1, R2, and R3 of the resistors 121, 122, and 123 is
R1=R2=R3.

The voltage “E” of the voltage source 41 is applied to the
series circuit of the MOS transistors S12 and S11, the series
circuit ofthe MOS transistors S22 and S21, . . ., and the series
circuit of the MOS transistors Sn2 and Sn1 of the charging
and discharging circuit 30. The voltage “2E/3” of the inter-
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mediate voltage source 126 is applied to the series circuit of
the MOS transistor S13 and S11, the series circuit of the MOS
transistors S23 and S21, . . ., and the series circuit of the MOS
transistors Sn3 and Sn1 of the charging and discharging cir-
cuit 30. The voltage “E/3” of the intermediate voltage source
129 is applied to the series circuit of the MOS transistors S14
and S11, the series circuit of the MOS transistors S24 and
S21, ..., and the series circuit of the MOS transistors Sn4 and
Snl of the charging and discharging circuit 30.

As a first stage of the charging period T1 by the forward
energization, as indicated by an arrow in FIG. 19, the voltage
“E/3” of the intermediate voltage source 129 is applied to the
actuator Z1 in the forward direction by turning on the MOS
transistors S14 and S21. At this point, electric charge “Q/3”
flows out from the intermediate voltage source 129 and is
stored in the actuator Z1.

Subsequently, as a second stage of the charging period T1,
as indicated by an arrow in FIG. 20, the voltage “2E/3” of the
intermediate voltage source 126 is applied to the actuator Z1
in the forward direction by turning on the MOS transistors
S13 and S21. At this point, the electric charge “Q/3” flows out
from the intermediate voltage source 126 and is additionally
stored in the actuator Z1.

As a third stage of the charging period T1, as indicated by
an arrow in FIG. 21, the voltage “E” of the voltage source 41
is applied to the actuator Z1 in the forward direction by
turning on the MOS transistors S12 and S21. At this point, the
electric charge “Q/3” flows out from the voltage source 41
and is additionally stored in the actuator Z1.

A discharging operation is explained below.

As afirst stage of the discharging period T2, as indicated by
an arrow in FIG. 22, the actuator 71 is discharged by turning
on the MOS transistors S13 and S21. At this point, “Q/3” of
the electric charge stored in the actuator Z1 returns to the
intermediate voltage source 126.

Subsequently, as a second stage of the discharging period
T2, as indicated by an arrow in FIG. 23, the actuator 71 is
discharged by turning on the MOS transistors S14 and S21. At
this point, “Q/3” of the electric charge stored in the actuator
71 returns to the intermediate voltage source 129.

As a third stage of the discharging period T2, as indicated
by an arrow in FIG. 24, the actuator 71 is discharged by
turning on the MOS transistors S14 and S24. At this point, the
remaining electric charge “Q/3” stored in the actuator Z1 is
consumed by resistance components on the discharging path.
Consequently, the voltage of the actuator Z1 falls to zero.

A difference between the voltage “E” of the voltage source
41 and the voltage “2E/3” of the intermediate voltage source
126 is equal to a difference between the voltage “2E/3” of the
intermediate voltage source 126 and the voltage “E/3” of the
intermediate voltage source 129 and is “E/3”. Therefore, elec-
tric charge input to and electric charge output from the inter-
mediate voltage source 126 during charging and during dis-
charging of the actuator Z1 are equal. The intermediate
voltage source 126 does not consume power. A difference
between the voltage “2E/3” of the intermediate voltage
source 126 and the voltage “E/3” of the intermediate voltage
source 129 is equal to a difference between the voltage “E/3”
of the intermediate voltage source 129 and zero potential of
the ground line and is “E/3”. Therefore, electric charge input
to and electric charge output from the intermediate voltage
source 129 during charging and during discharging of the
actuator Z1 are equal. The intermediate voltage source 129
does not consume power.

The voltage source 41 discharges the electric charge “Q/3”
at the third stage of the charging period T1. In other words,
energy supplied from the voltage source 41 to the charging
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and discharging circuit 30 is “(Q/3)-E”. The energy “(Q/3)-E”
is consumed by the resistance components on the circuits by
“QQ-E/18” at each of the first stage, the second stage, and the
third stage of the charging period T1 and the first stage, the
second stage, and the third stage ofthe discharging period T2.

In this way, the energy consumption of the charging and
discharging circuit 30 is reduced to 4 of that in the past.

In this embodiment, the voltages at the three stage levels
“E”, “2E/3”, and “E/3” are sequentially charged in the actua-
tor Z1. The stage levels of charging voltage may be X stage
levels equal to or larger than four stage levels. In this case, the
voltage source 42 only has to output intermediate voltages of
“X-17 stage levels. The energy consumption of the charging
and discharging circuit 30 is reduced to 1/X of that in the past.

A charge pump operation during discharging of the actua-
tor Z1 related to reliability secured when the driving device
shown in FIG. 19 is integrated-circuited is explained below.

Peak voltage generation by the charge pump operation
occurs when electric charge stored in the actuator 71 is dis-
charged. Therefore, the first stage, the second stage, and the
third stage of the discharging period T2 only have to be
considered.

At a starting point of the third stage of the discharging
period T2, voltage stored in the actuator Z1 already falls to
“E/3”. Discharging at this point is performed in a loop passing
through the intermediate voltage source 126 having the volt-
age “E/3”. Therefore, the charge pump operation does not
generate voltage exceeding the range of “0” to “E”. This
action is an action obtained by performing final discharging
using a transistor connected to intermediate potential accord-
ing to the configuration of the present invention and is one of
the advantages of the present invention.

At the first stage and the second stage of the discharging
period T2, the drain voltage of the MOS transistor S21 is
swung to a negative level. However, an absolute value of the
peak voltage Vp can be set small by adjusting the ON resis-
tance Rp of the P-channel MOS transistor and the ON resis-
tance Rn of the N-channel MOS transistor or adopting the
configuration shown in any one of FIGS. 9 to 13.

Moreover, in the ninth embodiment, a proportional coeffi-
cient related to voltage for determining the peak voltage Vp is
“E/3”. The ninth embodiment is more advantageous than the
first embodiment in reducing the peak voltage Vp. This is one
of the advantages of the configuration of the present inven-
tion.

A tenth embodiment of the present invention is explained
below. In the figure, components same as those in the first to
ninth embodiments are denoted by the same reference numer-
als and signs and explanation of the components is omitted.

In the tenth embodiment, as shown in FIG. 25, one end of
the smoothing capacitor 129 as the intermediate voltage
source is connected to an output terminal of the operational
amplifier 124 via the resistor 125. The other end of the
smoothing capacitor 129 is connected to an output terminal of
the operational amplifier 127 via the resistor 128.

Specifically, the intermediate voltage source 129 obtains
the voltage “E/3” with reference to the output voltage “2FE/3”
of the intermediate voltage source 126 unlike the voltage
“E/3” obtained with reference to the zero potential of the
ground line as shown in FIG. 19 in the ninth embodiment.

In this embodiment, a charging path at the first stage of the
charging period T1 and a charging path at the second stage of
the discharging period T2 are different from those shown in
FIG. 19 in the ninth embodiment.

Specifically, at the first stage of the charging period T1, as
indicated by an arrow in FIG. 25, the voltage “E/3” of the
intermediate voltage source 129 is applied to the actuator 71
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in the forward direction by turning on the MOS transistors
S13 and S24. At this point, the electric charge “Q/3” flows out
from the intermediate voltage source 129 and is stored in the
actuator Z1.

At the second stage of the discharging period T2, as indi-
cated by an arrow in FIG. 26, the actuator Z1 is discharged by
turning on the MOS transistors S13 and S24. At this point, the
electric charge “Q/3” stored in the actuator Z1 returns to the
intermediate voltage source 129. Since the MOS transistor
S21 is off, the drain voltage of the MOS transistor S21 is not
swung to a negative level. Therefore, the outflow of electric
current from the back gates or the integrated circuit substrate
due to the influence of the peak voltage Vp has to be consid-
ered only at the first stage of the discharging period T2. In this
regard, reliability can be further easily improved than in the
ninth embodiment.

In the tenth embodiment, the voltages of the three stage
levels “E”, “2E/3”, and “E/3” are sequentially charged in the
actuator Z1. However, the stage levels of charging voltage
may be X stage levels equal to or larger than four stage levels.
In this case, if intermediate voltages of the voltage source 42
are obtained with reference to the intermediate voltage source
ot having highest output voltage rather than the zero potential
of the ground line, swinging of the drain voltage of the
N-channel MOS transistor to a negative level can be limited to
only the first stage of the discharging period T2.

An eleventh embodiment of the present invention is
explained below. In the drawings referred to below, compo-
nents same as those in the first to tenth embodiments are
denoted by the same reference numerals and signs and expla-
nation of the components is omitted.

As shown in FIG. 27, the smoothing capacitor 43 is con-
nected in parallel to the voltage source 41. The voltage source
42 includes a series circuit (a voltage dividing circuit) of
resistors 131, 132, 133, 134, and 135 connected to both the
ends of the voltage source 41, an operational amplifier 136
that amplifies, with a gain “1”, voltage generated in a series
circuit of the resistors 132, 133, 134, and 135, an operational
amplifier 137 that amplifies, with a gain “1”, voltage gener-
ated in a series circuit of the resistors 133, 134, and 135, an
operational amplifier 138 that amplifies, with a gain “17,
voltage generated in a series circuit of the resistors 134 and
135, an operational amplifier 139 that amplifies, with a gain
“17”, voltage generated in the resistor 135, a smoothing
capacitor 141 (hereinafter referred to as intermediate voltage
source 141) to which output voltage “4E/5” of the operational
amplifier 136 is applied via a resistor 140, a smoothing
capacitor 143 (hereinafter referred to as intermediate voltage
source 143) to which output voltage “3E/5” of the operational
amplifier 137 is applied via a resistor 142, a smoothing
capacitor 145 (hereinafter referred to as intermediate voltage
source 145) to which output voltage “2E/5” of the operational
amplifier 138 is applied via a resistor 144, a smoothing
capacitor 147 (hereinafter referred to as intermediate voltage
source 147) to which output voltage “E/5” of the operational
amplifier 139 is applied via a resistor 146, and switch ele-
ments such as MOS transistors Sd, Sc, Sb, and Sa.

The MOS transistors Sd and Sc are P-channel MOS tran-
sistors. Back gates thereof are connected to the positive side
output terminal of the voltage source 41 and gates thereof
connected to the logic circuit 50. The MOS transistors Sd and
Sc open and close charge/discharge paths between the inter-
mediate voltage sources 141 and 143 and the charging and
discharging circuit 30. The MOS transistors Sb and Sa are
N-channel MOS transistors. Back gates thereof are connected
to the ground line and gates thereof are connected to the logic
circuit 50. The MOS transistors Sb and Sa open and close
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charge/discharge paths between the intermediate voltage
sources 145 and 147 and the charging and discharging circuit
30.

When the MOS transistor Sd is turned on, the voltage
“4E/5” of the intermediate voltage source 141 is applied to the
series circuit of the MOS transistors S13 and S11, the series
circuit ofthe MOS transistors S23 and S21, . . ., and the series
circuit of the MOS transistors Sn3 and Snl in the charging
and discharging circuit 30. When the MOS transistor Sc is
turned on, the voltage “3E/5” of the intermediate voltage
source 143 is applied to the series circuit of the MOS transis-
tors S13 and S11, the series circuit of the MOS transistors S23
and S21, . . ., and the series circuit of the MOS transistors Sn3
and Snl1 in the charging and discharging circuit 30. When the
MOS transistor Sb is turned on, the voltage “2E/5” of the
intermediate voltage source 145 is applied to the series circuit
of the MOS transistors S13 and S11, the series circuit of the
MOS transistors S23 and S21, . . ., and the series circuit of the
MOS transistors Sn3 and Sn1 in the charging and discharging
circuit 30. When the MOS transistor Sa is turned on, the
voltage “E/5” of the intermediate voltage source 143 is
applied to the series circuit of the MOS transistors S13
and S11, the series circuit of the MOS transistors S23 and
S21, ..., and the series circuit of the MOS transistors Sn3 and
Snl in the charging and discharging circuit 30.

The MOS transistors Sd, Sc, Sb, and Sa are provided in
common to supply intermediate voltages to the actuators 71
in the respective channels.

Other components are the same as those in the first embodi-
ment.

In this way, the intermediate voltages “4E/5”, “3E/5”, “2E/
57, and “E/5” of the voltage source 42 are selectively supplied
to the charging and discharging circuit 30 via the MOS tran-
sistors Sd, Sc, Sb, and Sa. This makes it possible to increase
stage levels of charging voltage without increasing the num-
ber of switch elements in the charging and discharging circuit
30. If the charging and discharging circuit 30 is formed as a
monolithic IC, the charging and discharging circuit 30 is
easily reduced in size.

The P-channel and N-channel MOS transistors are selec-
tively adopted. This is as a result of selecting conditions with
a small back gate effect such that a transistor area is as small
as possible when ON resistances of the MOS transistors are a
predetermined value. This is because the ON resistances are
increased by the back gate effect. For simplification, all the
MOS transistors of the charging and discharging circuit 30
may be P-channel MOS transistors or N-channel MOS tran-
sistors.

The MOS transistors Sd, Sc, Sb, and Sa of the voltage
source 42 may be integrated in one monolithic IC together
with the charging and discharging circuit 30, may be formed
as an IC separate from the charging and discharging circuit
30, or may be formed in a discrete configuration.

Each of the MOS transistors Sd, Sc, Sb, and Sa of the
voltage source 42 may be replaced with a CMOS transistor
formed by combining a P-channel transistor and an N-chan-
nel transistor. Alternatively, a switch element having direc-
tivity such as a bipolar transistor or a D-MOS transistor may
be used. When the bipolar transistor is used, as shown in FI1G.
28, two bipolar transistors only have to be connected in par-
allel via diodes D1 and D2, respectively, and used as one
bidirectional switch element. When the D-MOS transistor is
used, as shown in FIG. 29, two D-MOS transistors only have
to be connected in parallel via the diodes D1 and D2, respec-
tively, and used as one bidirectional switch element.

Actions of the driving device shown in FIG. 27 are
explained with reference to FIG. 30.
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In the charging period T1 by the forward energization, the
MOS transistors S13 and S21 are turned on and the MOS
transistors Sa, Sb, Sc, and Sd are sequentially and exclusively
turned on. Subsequently, the MOS transistor S13 is turned off
and the MOS transistor S12 is turned on while the MOS
transistor S21 is kept on.

As the first stage Tla of the charging period T1 by the
forward energization, the voltage “E/5” of the intermediate
voltage source 147 is applied to the actuator Z1. At this point,
electric charge “Q/5” flows out from the intermediate voltage
source 147 and is additionally stored in the actuator Z1.

Subsequently, as the second stage T14 of the charging
period T1, the voltage “2E/5” of the intermediate voltage
source 145 is applied to the actuator Z1. At this point, the
electric charge “Q/5” flows out from the intermediate voltage
source 145 and is additionally stored in the actuator Z1.

As a third stage T1c of the charging period T1, the voltage
“3E/5” of the intermediate voltage source 143 is applied to the
actuator Z1. At this point, the electric charge “Q/5” flows out
from the intermediate voltage source 143 and is additionally
stored in the actuator Z1.

As a fourth stage T1d of the charging period T1, the voltage
“4E/5” of the intermediate voltage source 141 is applied to the
actuator Z1. At this point, the electric charge “Q/5” from the
intermediate voltage source 141 flows out and is additionally
stored in the actuator Z1.

As a fifth stage Tle of the charging period T1, the voltage
“E” of the voltage source 41 is applied to the actuator Z1. At
this point, the electric charge “Q/5” flows out from the voltage
source 41 and is stored in the actuator Z1.

After the charging, in the discharging period T2, the MOS
transistor S13 is turned on while the MOS transistor S21 is
kept on. The MOS transistors Sd, Sc, Sb, and Sa are sequen-
tially and exclusively turned on. Subsequently, the MOS tran-
sistor S13 is turned oft and the MOS transistor S11 is turned
on while the MOS transistor S21 is kept on.

As the first stage T2a of the discharging period T2, the
actuator Z1 discharges to the intermediate voltage source
141. At this point, “Q/5” of the electric charge stored in the
actuator Z1 returns to the intermediate voltage source 141.

Subsequently, as the second stage T2 of the discharging
period T2, the actuator Z1 discharges to the intermediate
voltage source 143. At this point, “Q/5” of the electric charge
stored in the actuator Z1 returns to the intermediate voltage
source 143.

As a third stage T2¢ of the discharging period T2, the
actuator Z1 discharges to the intermediate voltage source
145. At this point, “Q/5” of the electric charge stored in the
actuator Z1 returns to the intermediate voltage source 145.

As a fourth stage T2d of the discharging period T2, the
actuator Z1 discharges to the intermediate voltage source
147. At this point, “Q/5” of the electric charge stored in the
actuator Z1 returns to the intermediate voltage source 147.

As a fifth stage T2e of the discharging period T2, the
actuator Z1 discharges in a closed circuit that passes through
the MOS transistors S11 and S21. At this point, the electric
charge “Q/5” stored in the actuator Z1 is consumed by resis-
tance components on a discharging path. Consequently, the
voltage of the actuator Z1 falls to zero.

Electric charge input to and electric charge output from the
intermediate voltage source 141 during charging and during
discharging of the actuator Z1 are equal. The intermediate
voltage source 141 does not consume power. Electric charge
input to and electric charge output from the intermediate
voltage sources 143, 145, and 147 during charging and during
discharging of the actuator Z1 are also equal. The intermedi-
ate voltage sources 143, 145, and 147 do not consume power.
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The voltage source 41 discharges the electric charge “Q/5”
at the fifth stage Tle of the charging period T1. In other
words, energy supplied from the voltage source 41 to the
charging and discharging circuit 30 is “Q-E/S”. The energy
“Q-E/5” is consumed by the resistance components on the
circuits by “Q-E/50” at each of the stages of the charging
period T1 and the discharging period T2.

Therefore, the energy consumption of the charging and
discharging circuit 30 is reduced to Y5 of that in the past.

Inthe charging period T3 by the backward energization and
the discharging period T4 after that, the operation of the MOS
transistors is symmetrical to the operation in the charging
period T1 and the discharging period T2. Therefore, explana-
tion of the operation is omitted.

Atthe stages of the discharging period T2, the drain voltage
of the N-channel MOS transistor S21 is swung to a negative
level. However, an absolute value of the peak voltage Vp can
be set small by adjusting the ON resistance Rp of the P-chan-
nel MOS transistor and the ON resistance Rn of the N-chan-
nel MOS transistor or adopting the configuration shown in
any one of FIGS. 9 to 13.

Moreover, a proportional coefficient related to voltage for
determining the peak voltage Vp is “E/5”. This embodiment
is more advantageous than the first embodiment in reducing
the peak voltage Vp.

Since the MOS transistors Sd, Sc, Sb, and Sa are provided
in common to supply intermediate voltages to the actuators
71 inthe respective channels, the configuration of the driving
device is simplified.

As shown in FIG. 31, starting timing for the fifth stage T1e
of'the charging period T1 is determined by ON timing for the
MOS transistor S12. Starting timing for the fifth stage T2e of
the discharging period T2 is determined by ON timing for the
MOS transistor S11. Therefore, the ON timings for the MOS
transistors S12 and S11 can be adjusted and a time difference
AT1 between the fourth stage T1d and the fitth stage Tle in
the charging period T1 and a time difference AT2 between the
fourth stage T2d and the fifth stage T2e in the discharging
period T2 can be adjusted for each of the actuators corre-
sponding to the respective channels. This makes it possible to
correct a jet volume and jet speed for each of the channels as
in the seventh embodiment.

A twelfth embodiment of the present invention is explained
below. In the drawings referred to below, components same as
those shown in FIG. 27 are denoted by the same reference
numerals and signs and explanation of the components is
omitted.

As shown in FIG. 32, a switch element, for example, a
P-channel MOS transistor Se for opening and closing an
energization path between the voltage source 41 and the
charging and discharging circuit 30 is added to the voltage
source 42. Source to drain of the MOS transistor Se is inserted
in and connected to a connection line between the positive
side output terminal of the voltage source 41 and the charging
and discharging circuit 30. A gate of the MOS transistor Se is
connected to the logic circuit 50. According to the adoption of
the MOS transistor Se, the MOS transistors S12, S22, ..., and
Sn2 in the charging and discharging circuit 30 are removed.

The MOS transistor Se is a MOS transistor for selectively
separating, from both the ends of the voltage source 41, a
discharging path from an actuator.

As shown in FIG. 33, at the fifth stage T1e of the charging
period T1, the voltage “E” of the voltage source 41 is applied
to the actuator Z1 via the MOS transistors Se, S13, and S21.
In the discharging period T2, the MOS transistor Se is turned
off.
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Other components and actions are the same as those in the
eleventh embodiment.

According to the twelfth embodiment, since the MOS tran-
sistors S12, S22, ..., and Sn2 of the charging and discharging
circuit 30 are removed according to the adoption of the MOS
transistor Se, the number of MOS transistors decreases and
the configuration is further simplified.

FIG. 34 is a diagram of an example of a driving waveform
in finely adjusting a jet amount in this configuration. After the
charging at the fourth stage T1d ends, the MOS transistor S13
is turned off and the MOS transistor Se is turned on once and,
at the fifth stage Tle, the MOS transistor S13 is turned on
again. Starting timing for the fifth stage T1e of the charging
period T1 is determined by the ON timing for the MOS
transistor S13. Similarly, starting timing for the fifth stage
T2e of the discharging period T2 is also determined by the ON
timing for the MOS transistor S11. Mos transistors S11,
S21, ..., and Sn3 and MOS transistors S11, S21, ..., and Snl
are independently controllable each other. Therefore, the ON
timings for the MOS transistors S13 and S11 can be adjusted
and a time difference AT1 between the fourth stage T1d and
the fifth stage Tle in the charging period T1 and a time
difference AT2 between the fourth stage T2d and the fifth
stage T2e in the discharging period T2 can be adjusted for
each of the actuators corresponding to the respective chan-
nels. This makes it possible to correct a jet volume and jet
speed for each of the channels as in the seventh embodiment.

A thirteenth embodiment of the present invention is
explained below. In the drawings referred to below, compo-
nents same as those shown in F1G. 27 are denoted by the same
reference numerals and signs and explanation of the compo-
nents is omitted.

As shown in FIG. 35, a switch element, for example, the
P-channel MOS transistor Se for selectively opening and
closing the charging and discharging path between the volt-
age source 41 and the charging and discharging circuit 30 is
added to the voltage source 42. Further, a switch element, for
example, an N-channel MOS transistor Sf for opening and
closing the energization path between the voltage source 41
and the charging and discharging circuit 30 is added to the
voltage source 42. The source to drain of the MOS transistor
Se is inserted in and connected to the connection line between
the positive side output terminal of the voltage source 41 and
the charging and discharging circuit 30. Source to drain of the
MOS transistor Sf is connected between the intermediate
voltage sources 141, 143, 145, and 147 and the ground line.
Gates of the MOS transistors Se and Sf are connected to the
logic circuit 50.

Analog switches 151, 152, 153, and 154 are respectively
inserted in connection lines between output terminals of the
operational amplifiers 136, 137, 138, and 139 and the resis-
tors 140, 142, 144, and 146. The analog switches 151, 152,
153, and 154 are turned on when a control signal supplied
from the logic circuit 50 is at a high level “H” and is turned off
when the control signal is at a low level “L”.

As shown in FIG. 36, the analog switches 151, 152, 153,
and 154 and the MOS transistors Sf are turned off in the
discharging period T2 (and T4) in which the actuator 71 is
discharged and are turned on in the other periods. In the
discharging period T2 (and T4), since the MOS transistor Se
is also turned off, the discharging path is completely discon-
nected from the voltage source 41. During discharging, since
a maximum potential difference between any points within
the discharging path is equal to or smaller than the voltage
“E”, electric current does not flow between the discharging
path and the voltage source 41. Therefore, the charge pump
operation is not generated in the driving device shown in FIG.
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35. In other words, there is an advantage that it is unlikely that
reliability based on the peak current Ip and the peak voltage
Vp falls.

Other components, actions, and effects are the same as
those in the twelfth embodiment.

As shown in FIG. 37, starting timing for the fifth stage T1e
of'the charging period T1 is determined by the ON timing for
the MOS transistor S13. Starting timing for the fifth stage T2e
of'the discharging period T2 is determined by the ON timing
for the MOS transistor S11. Therefore, the ON timings for the
MOS transistors S13 and S11 can be adjusted and the time
difference AT1 between the fourth stage T1d and the fifth
stage T1e in the charging period T1 and the time difference
AT2 between the fourth stage T24d and the fitth stage T2e¢ in
the discharging period T2 can be adjusted for each of the
actuators corresponding to the respective channels. This
makes it possible to correct ajet volume andjet speed for each
of the channels as in the seventh embodiment.

A fourteenth embodiment of the present invention is
explained below. In the drawings referred to below, compo-
nents same as those in the first to thirteenth embodiments are
denoted by the same reference numerals and signs and expla-
nation of the components is omitted.

As an example of an ink jet head, there is an ink jet head in
which two channels adjacent to each other share one actuator.
Thisis an ink jet head of a type called a shear mode and shared
wall. In the ink jet head of such a type, when an ink is jetted
from one nozzle, two actuators are used. Therefore, one
actuator is shared as an actuator for ink jet of two nozzles
adjacent to each other. Electrodes of the actuators are sequen-
tially connected in series. Even in the ink jet head of such a
type, the embodiments can be applied.

Actions obtained when the driving device shown in FIG. 3
according to the first embodiment is mounted on the ink jet
head of the type called shear mode or shared wall are
explained with reference to FIG. 4 and FIGS. 38 to 45. In this
case, actuators Z1, 72, . . ., and Zm having capacitance “C/2”
are used.

At the first stage Tla of the charging period T1, as indi-
cated by an arrow in FIG. 38, the output voltage “E/2” of the
voltage source 42 is applied to the actuator Z1 in the forward
direction by turning on the MOS transistors S13 and S21. At
this point, the electric charge “Q/2” flows out from the voltage
source 42 and electric charge “Q/4” half as large as the elec-
tric charge “Q/2” is stored in the actuator Z1. At the same
time, the output voltage “E/2” of the voltage source 42 is
applied to the actuator Z2 in the backward direction by turn-
ing on the MOS transistors S33 and S21. At this point, the
remaining half electric charge “Q/4” of the electric charge
“Q/2” flowing out from the voltage source 42 is stored in the
actuator Z2.

At the second stage T1b of the charging period T1, as
indicated by an arrow in FIG. 39, the output voltage “E” of the
voltage source 41 is applied to the actuator Z1 in the forward
direction by turning on the MOS transistors S12 and S21. At
this point, the electric charge “Q/2” flows out from the voltage
source 41 and the electric charge “Q/4” half as large as the
electric charge “Q/2” is stored in the actuator Z1. At the same
time, the output voltage “E” of the voltage source 41 is
applied to the actuator Z2 in the backward direction by turn-
ing on the MOS transistors S32 and S21. At this point, the
remaining half electric charge “Q/4” of the electric charge
“Q/2” flowing out from the voltage source 41 is stored in the
actuator Z2.

According to the first stage T1a and the second stage T15,
the electric charge “Q/2” is stored in the actuator Z1 and the
electric charge “Q/2” is stored in the actuator 7Z2.



US 9,385,296 B2

27

At the first stage T2a of the discharging period T2, as
indicated by an arrow in FIG. 40, the electric charge “Q/4”
half as large as the electric charge “Q/2” stored in the actuator
71 is discharged on a path returning to the voltage source 42
by turning on the MOS transistors S13 and S21. At the same
time, the electric chare “Q/4” half as large as the electric
charge “Q/2” stored in the actuator 72 is discharged on a path
returning to the voltage source 42 by turning on the MOS
transistors S33 and S21.

At the second stage 124 of the discharging period T2, as
indicated by an arrow in FIG. 41, the remaining electric
charge “Q/4” stored in the actuator Z1 is discharged on a
closed circuit passing through the MOS transistors S13 and
S23 by turning on the MOS transistors S13 and S23 and is
consumed by resistance components on a discharging path of
the closed circuit. Consequently, the voltage of the actuator
71 falls to zero. At the same time, the remaining electric
charge “Q/4” stored in the actuator Z2 is discharged on a
closed circuit passing through the MOS transistors S33 and
S23 by turning on the MOS transistors S33 and S23 and
consumed by resistance components on a discharging path of
the closed circuit. Consequently, the voltage of the actuator
72 falls to zero.

A charging loss at the first stage T1a of the charging period
T1 is a value obtained by deducting energy stored in the
actuators Z1 and Z2 from energy supplied by the voltage
source 42 and is represented by the following formula:

(02yE-{[(Q/DER]-[(QA)(E/2))2]2=(Q"E)/8

A charging loss at the second stage T2a of the charging
period T1 is a value obtained by deducting energy added to
the actuators Z1 and Z2 from energy supplied by the voltage
source 41 and is represented by the following formula:

(QR2YE-{(QE)/A-[(Q2) EA)2}-2=(Q-E)/8

A discharging loss at the first stage T2a of the discharging
period T2 is a value obtained by deducting energy returned to
the voltage source 42 from energy extracted from the actua-
tors Z1 and 72 and is represented by the following formula:

{2y Ej2-[(4) (E2))2}2-[(0A4) (E/2))=
(Q-E)8

A discharging loss at the second stage T25 of the discharg-
ing period T2 is energy remaining in the actuators Z1 and 72
and is represented by the following formula:

[(Q/4)(E/2)/2]-2=(Q"E)/8

The voltage source 41 discharges the electric charge “Q/2”
at the first stage Tla of the charging period T1. That is, the
voltage source 41 discharges the energy of “(Q-E)/2” at this
stage. The energy “(Q/E)/2” is equal to total energy “[(Q-E)/
8]-4” consumed by the driving device at all the stages T1a,
T1b, T2a,and T2b of the charging period T1 and the discharg-
ing period T2.

The voltage source 42 discharges the electric charge “Q/2”
at the first stage Tla of the charging period T1. However,
since the voltage source 42 receives the electric charge “Q/2”
at the first stage T2a of the discharging period T2, the voltage
source 42 does not consume power. This means that the
voltage source 42 only has to have an electricity storing
function and a small-capacity supply ability enough for cor-
recting a slight shift of electric charge.

Atthe starting point of the first stage T2a inthe discharging
period T2, the drain voltage of the N-channel MOS transistor
S21 is swung to a negative level. When peak current of a
positive value flowing through the transistor S21 at the start-
ing point of the first stage T2a is represented as Ip and the ON
resistance of the MOS transistor S21 is represented as Rn,
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peak voltage Vp of a negative level applied to the drain of the
MOS transistor S21 is represented by the following formula:

Vp=-Ip-Rn

When the ON resistances of the P-channel MOS transistors
S13 and S33 are represented as Rp and the equivalent series
resistances of the actuators Z1 and 72 are represented as Rc,
peak current Ip is represented by the following formula:

Ip=(E2)/[(Rp+Rc)/2+Rn]

When the peak current Ip is substituted in the formula of
the peak voltage Vp, the peak voltage Vp is represented by the
following formula:

Vp=—(E/2)-Rn/[(Rp+Rc)/2+Rn]

As explained above, the formulas for calculating Ip and Vp
are different from those in the third embodiment. However, it
only has to be considered that electric currents flowing
through the two actuators Z1 and Z2 are superimposed and
flow through the MOS transistors S21 at the stage Tla, T15,
and T2a, and through the MOS transistor S23 at the stage T25.
Basic idea in this embodiment is the same as that in the third
embodiment.

On the other hand, at the first stage T3a of the charging
period T3 for dumping, as indicated by an arrow in FI1G. 42,
the output voltage “E/2” of the voltage source 42 is applied to
the actuator Z1 in the backward direction by turning on the
MOS transistors S23 and S11. At this point, the electric
charge “Q/2” flows out from the voltage source 42 and the
electric charge “Q/4” half as large as the electric charge “Q/2”
is stored in the actuator Z1. At the same time, the output
voltage “E/2” of the voltage source 42 is applied to the actua-
tor 72 in the forward direction by turning on the MOS tran-
sistors S23 and S31. At this point, the remaining half electric
charge “Q/4” of the electric charge “Q/2” flowing out from
the voltage source 42 is stored in the actuator Z2.

At the second stage T35 of the charging period T3, as
indicated by an arrow in FIG. 43, the output voltage “E” of the
voltage source 41 is applied to the actuator Z1 in the backward
direction by turning on the MOS transistors S22 and S11. At
this point, the electric charge “Q/2” flows out from the voltage
source 41 and the electric charge “Q/4” half as large as the
electric charge “Q/2” is stored in the actuator Z1. At the same
time, the output voltage “E” of the voltage source 41 is
applied to the actuator Z2 in the forward direction by turning
onthe MOS transistors S22 and S31. At this point, the remain-
ing half electric charge “Q/4” of the electric charge “Q/2”
flowing out from the voltage source 41 is stored in the actuator
72.

According to the first stage T3a and the second stage T35,
the electric charge “Q/2” is stored in the actuator Z1 and the
electric charge “Q/2” is stored in the actuator 7Z2.

At the first stage T4a of the discharging period T4, as
indicated by an arrow in FIG. 44, the electric charge “Q/4”
half as large as the electric charge “Q/2” stored in the actuator
71 is discharged on the path returning to the voltage source 42
by turning on the MOS transistors S11 and S23. At the same
time, the electric chare “Q/4” half as large as the electric
charge “QQ/2” stored in the actuator Z2 is discharged to return
to the voltage source 42 by turning on the MOS transistors
S31 and S23.

At the second stage T4b of the discharging period T4, as
indicated by an arrow in FIG. 45, the remaining electric
charge “Q/4” stored in the actuator Z1 is discharged on the
closed circuit passing through the MOS transistors S13 and
S23 by turning on the MOS transistors S13 and S23 and is
consumed by the resistance components on the discharging
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path of the closed circuit. Consequently, the voltage of the
actuator Z1 falls to zero. At the same time, the remaining
electric charge “Q/4” stored in the actuator Z2 is discharged
on the closed circuit passing through the MOS transistors S33
and S23 by turning on the MOS transistors S33 and S23 and
consumed by the resistance components on the discharging
path of the closed circuit. Consequently, the voltage of the
actuator Z2 falls to zero.

Atthe starting point of the first stage T4a in the discharging
period T4 (FIG. 44), the drain voltages of the N-channel MOS
transistors S11 and S31 are swung to a negative level. When
peak currents of a positive value flowing through the transis-
tors S11 and S31 at the starting point of the first stage T4a are
represented as Ip and the ON resistances of the MOS transis-
tors S11 and S31 are represented as Rn, peak voltage Vp of a
negative level applied to the drains of the MOS transistors
S11 and S31 is represented by the following formula:

Vp=-Ip-Rn

When the ON resistance of the P-channel MOS transistor
S23 is represented as Rp and the equivalent series resistances
of'the actuators Z1 and Z2 are represented as Re, peak current
Ip is represented by the following formula:

Ip=(E/2)/(2:Rp+Rc+Rn)

When the peak current Ip is substituted in the formula of
the peak voltage Vp, the peak voltage Vp is represented by the
following formula:

Vp=—(E/2)-Rn/(2-Rp+Rc+Rn)

As explained above, the formulas for calculating Ip and Vp
are different from those in the first embodiment. However, it
only has to be considered that electric currents flowing
through the two actuators Z1 and 72 are superimposed and
flow through the MOS transistors S23 at the stage T35. Basic
idea in this embodiment is the same as that in the first embodi-
ment.

Other components, actions, and effects are the same as
those in the embodiments explained above.

The example of the application of the first embodiment to
the driving circuit of the ink jet head in the shear mode and the
shared wall is explained above. The second to thirteenth
embodiments can be applied in the same manner.

An example of the ink jet head of the type called the shear
mode or the shared wall is shown in FIGS. 46 to 48. FIG. 46
is a diagram of the ink jet head viewed from an oblique
direction. FIG. 47 is a diagram of the ink jet head shown in
FIG. 46 viewed from a side. FIG. 48 is a diagram of a section
of the ink jet head along A-A line in FIG. 47 viewed in an
arrow direction.

As shown in FIG. 46, an actuator row 211 and an actuator
row 212 are formed on an upper surface of a substrate 201. A
frame member 202 is mounted to surround the actuator rows
211 and 212. A nozzle plate 203 is provided on the frame
member 202 to cover the actuator rows 211 and 212. A large
number of nozzles 204 are formed in rows in positions of the
nozzle plate 203 corresponding to the actuator rows 211 and
212.

Each of the actuator rows 211 and 212 are formed by an
array of a large number of actuators Z1, 72, . . ., and Zm.
Groove-like channels 205 are secured among the actuators
71,72, ..., and Zm and in positions corresponding to the
nozzles 204.

A large number of ink inlets 206 are formed between the
actuator rows 211 and 212 in the substrate 201. Inks flowing
into the ink inlets 206 are led to the channels 205. The inks
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flowing through the channels 205 flow to the outside of the
substrate 201 through a large number of ink outlets 207
formed in the substrate 201.

As shown in FIG. 47, a charging and discharging unit 130
including the charging and discharging circuit 30 and the
logic circuit 50 for the actuators Z1, 72, . . . , and Zm of the
actuator row 211 is provided on the upper surface of the
substrate 201. A charging and discharging unit 130 including
the charging and discharging circuit 30 and the logic circuit
50 for the actuators 71, 72, . . . , and Zm of the actuator row
212 is also provided on the upper surface of the substrate 201.

As shown in FIG. 48, the actuators 71,72, . . ., and Zm are
formed in a columnar shape by vertically bonding piezoelec-
tric elements 221 and 222 of PZT (lead zirconate titanate)
serving as capacitance type actuators such that polarization
directions thereof are opposed to each other. Among the
actuators Z1, 72, . . ., and Zm, when, for example, the
actuators Z1 is charged forward and the actuator Z2 is charged
backward as shown in FIG. 38 and FI1G. 39, the actuators Z1
and 72 are deformed as increasing the volume of the channel
205. According to the deformation of the actuators Z1 and 72,
an ink is refilled in the channel 205 between the actuators Z1
and 72. When the actuators Z1 and 72 are discharged, the
shape of the actuators Z1 and 72 are restored. According to
the restoration, the ink present in the channel 205 between the
actuators Z1 and 72 is jet from the nozzle 204 corresponding
to the channel 205. As explained above, the actuators 71,
72, ... ,and Zm realize a function of ink jet according to a
series of charging and discharging sequence.

Electrodes 223 for the charging and discharging are pro-
vided on the sides ofthe actuators Z1, 72, . . ., and Zm and the
bottom surfaces of the channels 105, respectively. The elec-
trodes 223 and the charging and discharging unit 130 are
wired and connected by a conduction pattern on the substrate
101.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in its
broader aspects is not limited to the specific details and rep-
resentative embodiment shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. A driving circuit for a capacitive actuator, comprising:

a voltage source which applies a driving voltage to the
capacitive actuator;

a plurality of switches connected between the voltage
source and the capacitive actuator and forming a current
path for charging/discharging the capacitive actuator,
wherein a switch included in the plurality of switches is
turned on when an electrical charge in the capacitive
actuator is discharged by the electrical charge moving
from the capacitive actuator to the voltage source; and

an adjustment section which sets an ON resistance of the
switch when the switch is turned on, and thereafter
adjusts the ON resistance to reduce the ON resistance.

2. The driving circuit according to claim 1, wherein the
switch that is turned on at the discharging comprises a plu-
rality of switches connected in parallel, and

the adjustment section adjusts the ON resistance by select-
ing which of the parallel-connected switches to be ON.

3. The driving circuit according to claim 2, wherein the
adjustment section turns on a first switch of the switches
connected in parallel at the discharging, and turns on a second
switch of the switches connected in parallel a predetermined
period of time after turning on the first switch.
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4. The driving circuit according to claim 2, wherein the
adjustment section comprises a delay circuit that is activated
for counting when the discharging is initiated, and a combi-
nation of switches that are to be turned on among the switches
connected in parallel is changed when the delay circuit
reaches a predetermined period of time.

5. The driving circuit according to claim 2, wherein at least
two of'the switches connected in parallel have ON resistances
that are different from each other.

#* #* #* #* #*
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